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FOREWORD

This final report documents a 26-month program
to investigate the gas-augmented injector con-
cept. The program was conducted under Contract
NAS3-12001, by NASA Lewis Research Center under
the direction of T. Male, Technical Program
Manager. This report was prepared under Rocket-
dyne G.0. 09100 in compliance with Paragraph C
of Exhibit B, Contract NAS3-12001.

ABSTRACT

The gas-augmented injector program was initiated
to investigate the use of high-energy gas to en-
hance atomization and mixing and to generally im-
prove gas-liquid injector concepts. Performance
analyses, cold-flow experiments, and hot-firing
tests were systematically conducted to produce
stable operation with combustion efficiencies to

99 percent using large thrust-per-element injectors;
i,e,, 20,000-1b (88,900 N)-thrust per element with
LOX/H2 ﬂropellants and 5000-1b (22,200 N)- thrust
per element with FLOX/CH4 propellants, Also, prom-
ising analytical/cold-flow/hot-fire performance
correlation techniques were developed that may be

used to guide future injector designs.
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INTRODUCTION

The basic approach underlying the gas augmented rocket engine injector program
was to utilize high-energy gas to improve the atomization and mixing of gas-
liquid propellants with subsequent high performance and stability. Other po-
tential benefits included reduced fabrication and. development costs, increased
throttling capability without performance loss, and reduced injector and system

pressure losses.

Under Contract NAS3-7962, an investigation was conducted to determine the per-.
formance and stability of large-thrust-per-element oxygen/hydrogen injector
concepts which utilized hot gas in combination with commonly used injection
systems to improve atomization, vaporization, and mixing of the propellants.
Analyses and éold—flow experiments were used to guide the selection of injector
concepfs for hot-firing evaluations. The hot-firing results of this program
proved feasibility of the hot gas injection (gas augmentation) principle and
also demonstrated that high combustion efficiencies and stable operation were

possible with 20,000-pound (88,960 newtons)-thrust-per-element injectors.

Under Contract NAS3-7962, a high-pressure gas generator or preburner was con-
sidered to be the source of hot gas to be used for augmentation. Other sources
of hot gas might be heated fuel, tapped from the main pump discharge flow and
'passed through a separate heat exchanger section of the chamber, or possibly

only the main fuel through the normal coolant cycle.

The subject program, Investigation of Gas Augmented Injectors, was intended to
extend the knowledge of gas augmentation and generally to improve gas-liquid
propellant injectors. Analysis, design, and experimental test efforts are em-
ployed to accomplish these improvements, particularly in the areas of larger
thrust per element, higher performance, improved combustion stability, and
throttling capability. Four tasks were used to describe the program: Hydrogen
Gas Augmentation Tests (Task I), Evaluation of Gas-Liquid Injectioh Character-
istics (Task II), Application to Space Storable Propellants (Task III),Aand
Space Storable Tests (Task IV). -
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The main objective of Task I was to determine design criteria for high per-
formance and to evaluate stability with large-thrust-per-element, gas augmented
injectors. Gaseous hydrogen was used for augmenting the atomization and mixing
processes of the liquid oxygen/gdaseous hydrogen main propellants. Performance
analyses, cold-flow tests and hot-firing tests were used to determiné the
injection-augmentation characteristics required relative to high performance.

Stability trends were evaluated through bomb pulsing.

The objective of Task II was to determine the important parameters that affect
atomization and mixing of gas-liquid propellant combinations and to derive a
correlation from the parameters useful in prediction of c* efficiency. Cold-
flow tests using propellant simulant fluids were conducted to determine the
propellant droplet sizes, the dropsize distribution, and the mass and mixture
ratio distribution for various types of gas-liquid coaxial and impinging jet
injector elements generally suitable for propellants such as oxygen-hydrogen,
fluorine-hydrogen, and FLOX-methane. Propellant atomization investigations
were conducted using the molten wax method. Propellant mass and mixture ratio
distributions were determined by collecting simulated liQuid propellants in
collection vessels and by gaseous stagnation pressure measurements with an im-

pact probe.

The objective of Task III was to determine, through analysis and cold-flow ex-
periments, the applicability of the gas augmentation principle to relatively
large-thrust-per—elemeﬁt, FLOX-methane injectors. The analysis was used to
predict the injection characteristics required for high performance. The cold-
flow experiments were used to screen the atomization, mass, and mixture ratio
distribution characteristics of the candidate injector concepts and consequently

to support the performance analysis.

Task IV was a space -storable hot-firing test program to invéstigate perfbrmance,
stability, and throttleability of injector concepts which evolved from the anal-
ysis and cold-flow test results of Task II and III. The main propellants for
this task were FLOX-methane with heated methane as the augmenting gas. The
primary goals were to obtain a high performing, stable injector concept and to

determine performance controlling design and operating criteria.

R-8361
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The interrelationship of the various program tasks is shown by the block dia-
gram presented in Fig. 1. The reporting categories or subtasks are shown that
were used to describe the major areas of work, As shown under Task I, the hy-
drogen gas augmentation analysis was followed by hardware fabrication and then
hot-firing tests. The analysis phase of Task I was also used to prescribe the
type of hot-fire tests which were the most meaningful. Information gained
during the Task I analysis and hot-fire testing was used to improve the anaiy—
tical techniques‘under‘Task II and III. Analyses and cold-flow experiments
were used during Task II to characterize the performance controlling injection
parameters, applicable to gas-liquid systems in general. This information was,
then applied to analysis, hardware design, fabrication, and cold-flow testing
relative to the FLOX-methane propellant system under Task III. Finally, the
Task III analysis and cold-flow testing were used to guide the selection and

hot-fire testing of injector concepts under Task IV.
Details of the work performed under each of the four tasks are presented in

this final report. Materials presented herein were accomplished during a 26-

month period beginning 30 June 1968.
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SUMMARY

The gas—éugmented injector program was designed to investigate the use of
high-energy gas to enhance the atomization and mixing processes for large
thrust per element injectors and generally to improve the performance and
stability of injector concepts using gas-liquid propellant combinations.
Performance analyses, cold-flow tests, and hot-firing tests were employed
to accomodate the investigations. The program was divided into four tasks:
Task I--Hydrogen Gas Augmentation Tests, Task II--Evaluation of Gas-Liquid
Injection Characteristics, Task III--Application to Space Storable Propel- .

lants, and Task IV--Space Storable Tests.

The Task I phase of the progfam was established to determine design criteria
for high performance and to evaluate stability of large thrust per element,
gas;augmented injectors. Liquid oxygen/gaseous hydrogen were the main propel-
lants, with additional gaseous hydrogen used for augmenting the atomization

and mixing processes. Performance analyses and approximately 34 cold-flow tests

 were conducted with the results used to guide the injector and hot-fire test
selections. Inert fluids were used arnd liquid mass distributions were deter-

mined during the cold-flow tests simulating the hot-fire propellants and in-
jection parameters., After the analysis and cold-flow tests, nine hot-firing
tests were conducted to evaluate performance and stability of a single
20,000-1b (88,900 N)-thrust per element injector (recessed 4 on 1). Mixture
ratios, chamber pressures; and hydrogen gas temperatures were varied over a
relatively wide range to establish useful performance correlating parameters
and design criteria. Performance (c* efficiency) during these tests ranged
from 91 to 99'percent and dynamic stability was demonstrated through arti-
ficially induced pressure disturbances. Feasibility of the gas-augmentation

principle was evident and useful design criteria emerged from the data.

The Task II phase of the program was generated to evaluate and characterize
the performance controlling design and operating parameters of'gas-liquid
injector elements suitable for application to the LOX/GHZ, FLOX/CH4, and

LF2/GH2 propellant combinations. Elements investigated were the basic
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impinging, basic concentric tube, concentric tube with swirler, impinging
concentric, and tricentric with centerbody types. Cold-flow tests were con-
ducted using propellant simulants to determine the propellant droplet sizes,
the dropsize distribution, and the mass and mixture ratio distribution for
the various injector elements, sized to match hot-firing designs from about
50-to 2000-1b (222 to 22,200 N)-thrust per element. Propellant atomization
investigations were accomplished using the molten wax technique. Propellant
mass and mixture ratio distributions were determined by collecting simulated
liquid propellants in collection vessels and by gaseous stagnation pressure
measurements with an impact probe developed for two-phase flowfield applica-
tion. The key feature of the probe was to measure the gas stagnation pres-

sure at a point in the probe where gas-liquid interactions were at a minimum,

Approximately 120 cold-flow atomization and mass distribution tests were con-
ducted on the five basic element injector models, Nearly the same sets of
design and operating variables were investigated during both atomization and
distribution tests, Data from each of the atomization tests provided a dis-
tribution of dropsizes around a median size as well as a single mass median
dropsize. These dropsize data were used to predict individual injector vapor-
ization efficiencies under hot-firing conditions using the FLOX/CH4 propel-

lant system as a baseline,

Liquid and gas mass distributions were combined to determine mixing uniformity
and mixing efficiencies based on the FLOX/CH4 system., For the concentric
element types {i.e., basic concentric, concentric with swirler, and tricentric
with centerbody), the measured gas and liquid mass distributions were combined
directly to determine the mixing éfficiencies, The measured mass distribu-
tions for the impinging element types (i.e., basic impinging and impinging
concentric) were‘somewhat complicated because, under certain conditions, a
significant amount of the liquid mass was collected in a zone outside of the
measured gas distribution, Therefore, a simple empirical recirculation model
was developed to approximate the hot-firing results and thereby supply a
quantity of gas to the outer liquid-rich zone. This model was used with the
mass distribution data to determine the mixing efficiencies for the impinging

element concepts.
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Each Task II injector concept was rated independently with respect to atomi-
zation and mixing potential, The results indicated the impinging concentric,
the tricentric with centerbody, and the recessed basic concentric to be the

most promising concepts for use in Task III.

During Task III performance and analyses and cold-flow experiments were accom-
plished to determine if the large thrust per element gas-augmented injector
concept was applicable to the FLOX/CH4 propellant systems, Under this task,
cold-flow experiments with inert fluids were used to simulate the atomization
and mixing characteristics of the most promising injector concepts that evolved
from Task II. As in Task II, the atomization experiments were conducted using
the molten wax technique and the mixing data were obtained through the use of
liquid and gas mass distribution measurements. Also, the experimental tech-
niques and data reduction procedures were essentially the same as used under
Task II. However, the Task III testing and hardware geometry were oriented
toward the FLOX/CH4 propellant combination as opposedvto a more universal

gas-liquid propellant system application under Task II.

Insufficient Task II cold-flow data somewhat limited the confidence level in
predicting the combustion efficiency for the FLOX/CH4 propellant system. In
addition, several potentially important design variables for the selected
concepts were yet to be evaluated., Thus, the Task III testing was directed
toward further optimization of the individual injector concepts and toward

improved capability for predicting their hot-firing performances.

A series of 42 cold-flow tests, 23 atomization and 19 mixing tests was, con-
ducted using single-element injector models of ‘the impinging concentric, tri-
centric with centerbody, and the recessed basic concentric concepts sized

for a maximum of 5000 1b (22,200 N) thrust with the FLOX/CH4 propellant com-
bination. Data from the resultant atomization and mixing tests and from the
Task II tests were subsequently used to predict vaporization and mixing effi-
ciencies that were in turn used to guide injector concept selecfions for the
Task IV hot-fire testing., Two single 5000-1b (22,200 N)-thrust per element
concepts were selected-~the tricentric with centerbody and the impinging

concentric concepts.
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The objective of the Task IV hot-firing tests was to investigate performance,
stability, and throttleability of the two injector concepts at a nominal 500-
psia (345 x 104 N/mz) chamber pressure and 5000-1b (22,200 N)~-thrust level.

The propellant combination used for these tests was FLOX/CH with a per-

4(g)
formance goal of 96-percent c* efficiency. The test series was formulated

to investigate the effects of fuel (CH4) injection velocity and temperature,
liquid injection velocity, ratio of '"secondary" fuel to total fuel flowrate,

chamber pressure (throttle tests), and orifice geometry.

A total of 40 tests was conducted with the two injector concepts. A combus-
tion efficiency of 97 percent was achieved with the tricentric with center-
body injector at a nominal 5.25 MR and 30-in. (0.76 m) L* chamber; increasing
to 98 percent at mixture ratiosaround 4.75. The impinging concentric injec-
tor achieved a combustion efficiency of 96 percent at 4.75 mixture ratio in

a 30-in. (0.76 m) L* chamber, increasing to 99 percent with a 57.6-in (1.46 m)
L* chamber. The stability characteristics of the injectors were generally
stable with no acoustic type instabilities observed. Dynamic stability was
demonstrated during one test through artificially generated disturbances by
pulse guns. Feasibility of the gas-augmentation principle and large thrust

per element injectors was again demonstated with FLOX/CH4.

Performance data for each Task IV injector were obtained under widely fanging
design and operating parameters, thereby providing a good test of the cold-
flow/analytical prediction methods. In addition, the analysis applied both
to the LOX/H2 and FLOX/CH4 test data permitted further understanding of the
performance controlling parameters. As a result, very promising analytical/
cold-flow performance correlation techniques were formulated that may be used

to guide future injector designs.
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CONCLUSIONS AND RECOMMENDATIONS
GAS~-AUGMENTED FLOX/CH4 INJECTORS
High-performance (i;e,, 97-percent nc*) and stability were demonstrated with

FLOX/CH4(g)
104 N/mz) using the gas-augmented, 5000-1b (22,200 N)-thrust, single-element

at a MR of 5.25 and nominal chamber pressure of 500 psia (345 x

tricentric with centerbody injector in a 30-in. (0.76 m) L* chamber., This

exceeded the target performance of 96 percent.

Performance analysis indicates that further design optimization of the tri-
centric injector can raise performances to about 99 percent under similar
operating conditions and further, may permit a reduction in the high injec-

tion pressure (AP) used with this injector.

FLOX/CH4(g) performance with a 5000 lbf/elemeyt impinging concentric concept,
was slightly lower (e.g.,»96-percent nc*) than those of the tricentric type
in the same (30 in,; 0.76 m) L* chamber. However, analysis indicates similar
combustion efficiency can be achieved with some design modification, Dynamic

stability was demonstrated with this concept.

The tricentric with centerbody injector concept was recommended for further
testing to maximize its performance, determine its throttle capability, and
qualify it for application as a single-element injector for FLOX/CH4 engine
systems with 5000 1bf (22,200 N) or lower (and possibly higher) thrust re-
quirements. Although slightly lower performing in its present version, the
impinging concentric injector concept also shows promise for this type of

application and merits further development.
GAS-AUGMENTED LOX/H2 INJECTORS

High performance (nc* = 98 to 99 percent) and dynamic stability were demon-
strated with LOX/HZ(g)
at the 20,000-1b- (88,900 N)-thrust per element level.

using a gas-augmented impinging concentric injector
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Analysis based on both cold-flow and hot-firing data indicates that the tri-
centric with centerbody injector would be applicable to 02/H2 systems at
moderate thrust levels., Performance capability is expected to be in the 99-
to 100-percent N.x Tange. The dynémic stability of these large, thrust per
element injectors may permit unbaffled operation which is generally unaccept-

able with conventional thrust per element injectors.

ANALYSIS/COLD-FLOW/HOT-FIRE CORRECTIONS

The performance analysis approach, which utilizes cold-flow injector character-
ization to indicate atomization and propellant mixing capabilities, has been
extended successfully for application to gas-liquid injectors. The necessary
technology, apparatus, and instrumentation for cold-flow measurement of both |
spray and gas flow distribution have been developed and checked out. This

included development of a special two-phase flow impact probe.

Empirical verification of the cold-flow/analytical method, using Task IV hot-
firing data predictions, was‘very good relative to the tricentric injector
data. Impinging concentric injector performances were underestimated by |
several percent, primarily as a result of imprecise interpolation between

and extrapolation from fest conditions simulated in cold flow. Nevertheless,
trends and approximate levels of performance were predicted consistently and

effectively.

The following steps are recommended for improving accuracy and range of appli-
cability of the cold-flow/analytical performance analysis procedure developed

under the subject contract:

1. Hot-Fire Test Verification With Other Injector Concepts. The basic

recessed post concentric element is attractive for possible large

thrust per element application,
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2. Hot-Firing Test Verification With Different Contraction Ratio

Chambers, All tests in Task IV were in an € = 2.0 chamber. Tests
with different €, are needed to determine what influence combustion
gas velocity might have on D for gas-liquid injectors. With liquid-
liquid systems, this has been found to be a very important factor in

determining (nc*)vap'

3. Additional Cold-Flow Testing. The previously discussed problems,
resuiting from the extensive need to interpolate or extrapolate
between existing cold-flow data, could be greatly alleviated by
further cold-flow testing. Since this contract was conducted,
pressurized cold-flow mixing and atomization facilities have
‘been developed which permit gas density variations and would allow,

for instance, testing at hot-firing levels of pgvgz.

COLD~FLOW/HOT-FIRE TESTING AT LOWER THRUST LEVELS

Results of the subject program were primarily directed toward -application at
high thrust per element (e,g., 2000-to 20,000-1bf (8890 to 88,900 N)-thrust
per element, whereas most gas-liquid injectors employ eleménts in the thrust
range of 20 to 500 1bf (89 to 2200 N). The coldelow/analytical techniques
developed under this program,should be extended by selected cold-flow and
hot-fire testing to smaller scale injection elements to provide the same type

of analytical capability to the more typical gas-liquid injectors.

The extended (low- and high-thrust levels) parametric performance correla-
tions, supported and substantiated by the selected hot-fire testing should

be applied to develop a gas-liquid version of the LISP (Liquid Injector Spray
Patterns) computer prograﬁ. Such a program would: (1) serve as a catalog
for all available single ihjector element atomization and mixing data, and
(2) would be able to analytically describe the gas-spray flowfield of multi-
ple element injectors for any specified arrangement and orientation of ele-

ments over the injector face.

R-8361
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TASK I, HYDROGEN GAS AUGMENTATION TESTS

The Task I phase of the program was primarily directed toward evaluating the

use of relatively high-energy hydrogen gas to augment the atomization and mix-
ing processes of large-thrust-per-element injectors. Performance analyses and
a series of cold-flow tests were conducted to predict the injection character-
istics required to attain high performance and to guide the hot-fire test selec-
tions. Based on.these_studies, existing hardware from Contract NAS3-7962 was
modified, as required, and subjected to experimental hot-firing tests to deter-

mine performance and stability.
HYDROGEN GAS AUGMENTATION ANALYSIS

Analytical Approach

The performance analysis approach used requires evaluation of two principal
modes of performance losses: incomplete propellant spray vaporization in the
(subsonic) cémbustion chamber and imperfect mixing of fuel and oxidizer. Over-
all c* efficiency is predicted by the product of the vaporization-limited and
.., respectively.

and (n_.)
vap Sle* mix
This approach was developed and substantiated first in application to liquid/

the mixing-limited combustion efficiencies, (nc*)

liquid propellant systems and is discussed in some detail in Ref. 1 and 2. It

is described briefly in the following paragraph.

A one-dimensional, vaporization-limited spray combustion model provides

(Mewd yap?
of the following input parameters:

the c* efficiency obtainable with perfect distribution, as a function

[

Propellant combination and overall mixture ratio

2. Mean dropsize (e.g., D, the mass median diameter) of fuel and/or

oxidizer
| 3. Spray size distribution functions (e.g., Nukiyama-Tanisawa)

4. Injection velocities

R-8361
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5. Injector end chamber pressure

6. Chamber geometry

A stream tube (mixing-limited) model is used to obtain (nc*) using cold-flow

propellant distribution data as input. This model assumes cgz;lete vaporization
(in the combustion chamber) of all propellant in each stream tube. The stream
tube combustion gases are considered to expand isentropically through the noz-
zle. Another basic assumption is that static pressure at any transverse sta-
tion of the nozzle is uniform. The procedure for predicting hot-fire perform-

ance efficiencies is depicted in Fig. 2.

Injector Concept Selection

The 20,000-1b (88,960 N)-thrust-per-element recessed impinging jet injector was
selected for primary consideration during the hydrogen gas augmentation analy-
sis phase of the program. This injector concept was selected because of its
previously demonstrated high performance under Contract NAS3-7962 (Ref. 3).

The concept consists of a central fuel jet surrounded by and impinging with
four equally spaced oxidizer/fuel coaxial jets. All the orifices are inside a
shallow recessed cup with the centerline impingement point of the coaxial jets
just downstream of the injector face. A sketch illustrating this injector con-

cept is presented in Fig. 3.

Specific injector design critgria for the hot-fire LOX/GH2 tests were deter-
mined by performance analysis utilizing correlations developed from the previous
hot-fire data with this injector type and from cold-flow spray distribution test
data obtained under the subject task. The correlations developed and their use

in the hot-fire injector design are discussed below in the appropriate sections.

Correlation of Previous Gas Augmented Injector Test Data

The hot-firing data obtained with the impinging coaxial injector using hot gas
augmentation (Contract NAS3-7962) was empirically correlated with the ratio of

total injected gas momentum to liquid (oxidizer) flowrate, Mg/wo- This index
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was considered to be an indicator of the potential capability of the gas (fuel
as well as augmenting gas) to atomize and mix with the liquid oxidizer (LOX).
The correlation is illustrated in Fig. 4. The trend with Mg/v'vO appeared to be
quite significant and suggested that the Task I injectors should be designed

with this parameter in excess of 600 ft/sec (183 m/sec).

Examination of the effect of chamber L*, also seen in Fig. 4, permitted a more
definitive analysis of the performance data. By crossplotting Nox VS L* at
constant operating conditions, and extrapolating the hot-firing Nex to long
chamber lengths, the mixing-limited combustion efficiency, (nc*)mix’ was ob-
tained (i.e., Fig. 5). Analysis of liquid rocket engine performance data has
indicated that, with increasing chamber length, spray vaporization will approach
100 percent, but the degree of propellant mixing changes relatively slowly from
that established near the injector. Thus, extrapolation of hot-firing perform-
ance data to increasing chamber length asymptotically approaches the limit set
by mixing. As indicated by Fig. 5, the long (70-in., 1.778 m) L* data was com-

pletely mixing-limited, i.e., (nc*) = 100 percent, and thus provided (nc*)

vap mix

directly.

Previous experience with gas-liquid impinging jet injectors had indicated a

significant correlation between the degree of liquid stream penetration into a
gas stream and the propellant mixing or distribution uniformity. This penetra-
tion is indexed by an analytical ''penetration parameter' defined by the follow-

ing equation:

X v, o]
5 = 2.5 T ] )
g g
where
MR = 1liquid jet momentum (individual jet)
Mg = gas, jet momentum (through central showerhead gas orifice)
6 = complement of the impingement angle between the liquid and gas jets
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The liquid penetration parameter was calculated for the long L* (mixing-limited)

hot-fire tests made under Contract NAS3-7962 and the experimental (nc*)mix
values were plotted against Xp/Dg~as shown in Fig. 6. An optimum value of the

penetration parameter was indicated to lie between 0.5 and 0.8, although this

optimum was relatively weak. The mixing potential of the recessed impinging

injector was subsequently investigated further by tests using simulated '"cold-

flow" propellants. These tests are described in the next subsection.

By comparing the Contract NAS3-7962 hot-firing performance data with appropriate
mixing-limited combustion efficiencies, losses caused by incomplete vaporization
were found to be on the order of 2 percent (i.e., (nc*)vap was = 98 percent)
with a 30-in. (0.762 m) L* chamber and Mg/v‘ao ~ 600 ft/sec (183 m/s). A
vaporization-limited combustion model (Ref. 1 and 2) was then run at the hot-

firing operating conditions to calculate (n_.) for various oxidizer mean

c*’vap
dropsizes, DSO' Comparison of these parametric curves with the empirical values
of (nc*)vap indicated the hot-firing mean dropsizes to be approximately 120

microns (120 x 1076 m).

Cold-Flow Studies

Analysis of the NASS—7962‘performance data indicated that propellant mixing
played a role at least as important as that of spray vaporization. Furthermore,
pérformance losses associated with (nc*)mix cannot readily be reduced by in-
creasing the chamber size. Previous success in characterizing propellant mix-
ing of liquid-liquid -injectors by use of cold-flow simulation techniques led

to experimental cold-flow testing of contemplated Task I injector designé as

described below. It should be kept in mind that in this initial testing only

the liquid flow distribution was measured.

Test Facility. A series of cold-flow liquid mass flux distribution tests was

conducted to support the hydrogen gas augmentation analysis. A liquid mass
collection system (Fig. 7) was designed and fabricated primarily for these tests
and the following Task II and Task III cold-flow studies. The collection sys-

tem grid is comprised of 100 collection tubes, 1 in. (0.0254 m) in diameter.
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Figure 7. Mixing Facility Test Stand

R-8361
22



The overall size of the tube matrix is 10 by 10 in. (0.254 m). Each of the
collection tubes is squared at the end, 1 by 1 in. (0.0254 m), to maximize the
collection grid sampling area. The collection tubes diverge from the collec-
tion plane to a 7 by 7 ft (2.134 m) base. The base is 1/2-in. (0.0127 m)
aluminum plate and separates the upper portion of the assembly from the collec-
tion vessels. Beneath the aluminum plate are 10 racks which house the collec-
tion vessels. The open area between the plate and collection vessel is suffi-
cient to allow the gas to escape. The collection vessels are 6-3/8-in. (0.162
m) diameter.galvanized closed-end cylinders 18 in. (0.457 m) in length. Cri-
tical details of this design are based on experiments described in the follow-

ing paragraphs.

Two potential problem areas arise in attempting to characterize a liquid-high
velocity gas injection system by cold-flow spray collection. The first con-
cerns possible distortion of the flow field caused by blockage by the collec-
tion grid. Preliminary calculations, utilizing droplet drag equations, indi-
cated that a droplet initiating at the very edge of the injector element would
be deflected, at most, only about one tube diameter (1 in. or 0.0254 m) if the
entire gas flow were blocked. Since 84 percent of the collection grid is open
area, the majority of the gas would not be blocked. A short experimental study
was conducted utilizing one typical collection tube to quantitatively establish
the maximum degree of flow distortion which might be encountered. Results re-
vealed a maximum of 4-percent variation in collected flow because of simulated
blockage by the collection system. This percentage variation decreased rapidly
to less than 1 percent as the tube was placed nearer to the center of the in-
jected stream. To evaluate the influence of this deviation from the undisturbed
liquid flow distribution on predicted mixing efficiency*, two typical flow dis-
tribution profiles were assumed and a mixing efficiency was calculated for each

case. In both cases, the difference in the actual (undisturbed) mixing

*It should be noted that at this point in the program gas flow distribution
measurements were not possible. Thus, the "mixing efficiencies'" referred to
during this phase of Task I were calculated using cold-flow liquid distribu-
tion measurements with assumed uniform gas flow profiles.
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efficiency and the mixing efficiency which would be predicted from the liquid

flow collection system results was less than 0.3 percent, i.e., negligible.

The second potential cold-flow facility problem area could occur as the col-
lected propellant simulant passes from the collection tubes into the storage
vessels. The gas must escape through the open area between the collection tube
and the storage vessel. This creates the possibility of entrained liquid being
carried out of the vessels by the gas. A series of tests was conducted to de-
termine the magnitude of this problem. Test results indicated that large diam-
eter (6-3/8 in., 0.162 m) storage vessels were necessary. Experiments using
this size storage vessel with a single collection tube indicated negligible
losses of liquid caused by entrainment. This was qualitatively confirmed by

high-speed photography.

Cold-Flow Tests. Thirty-four tests were made utilizing the simulated 5000-1b
(22,240 N) thrust model (available from Contract NAS3-7962) of the recessed im-

pinging jet injector. The listed thrust level of cold-flow model injectors

corresponds to the nominal thrust level of the simulated hot-firing injectors
using the same orifice dimensions. A 5000 1bf (22,240 N) thrust model injector
was used because a 20,000 1bf (88,960 N) injector was considered to be too .
large for the cold-flow fécility. This injector model contains four coaxial
gas-liquid jets (annﬁlus gas) impinging with a single central gas jet within a
récessed cup. A photograph of the injector is shown in Fig. 8. Water and
gaseous nitrogen were used to simulate the hot-fire propellants (liquid oxygen
and gaseous hydrogen, respectively). To fully simulate both the hot-firing
atomization and mixing characteristics in the cold-flow tests, it was deéirable
to match such hot-firing parameters as the liquid/gas penetration parameter

(X /Dg), liquid—ga§ orifice diameter ratio (Dz/Dg), the gas momentum parameter
(Mg/wz), and mixture ra@io. Unfortunately, it is not possible at atmospheric
pressure to match all these hot-firing parameters in a single test. However,
each of these parameters was varied individually, while the other pérameters

were maintained as nearly as possible within their respective hot-firing ranges.
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To see the interaction of some of the simulated hot-fire parameters, Eq. 1 was

reduced to the following form:

/2

X W p
£ = 2.5 cos e<42 >< ><pi) (2)
g g,c _
where
WQ = total liquid flowrate (w2/4 = liquid flowrate per liquid orifice)
wg,c = gaseous flowrate through the central gas orifice
D = orifice diameter
o} = density
g = gaseous
2 = liquid
8 = complement of the impingement angle between the liquid and gas

jets

Four basic methods were used in the cold-flow tests to vary this penetration
parameter (Xp/Dg), including variation of: (1) the overall mixture ratio

(wz/wg) with no annulus gas, i.e., w = w , (2) gas orifice diameter (Dg),

(3) liquid orifice diameter (DQ)’ ang’?4) ggs flowrate through the central gas
orifice (Wg ) at constant overall mixture ratio. The mixture ratio was varied
from 4.3 to 11.4, gas orifice diameter from 0.437 to 0.964 in. (1.11 to 2.45 x
10_2 m). The fourth method above involved operating at a constant overall mix-
ture ratio, by injecting a percentage of the simulated gaseous propellant
through annular orifices surrounding each of the liquid orifices. This per-
centage varied from 6.5 to 25 percent of the gas flowrate. One test was also
run using helium gas and water to see the effect of the gas density in Eq. 2.
The orifice diameter ratio, Dz/Dg’ was varied by use of various combinations of
insert tubes in the gas and liquid orifices. The diameter ratio ranged from

0.133 to 0.374 in these tests.
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To obtain cold-flow spray distribution data which is relevant to hot-firing
tests, careful consideration must be given to the selection of the distance
downstream from the injector to the collection grid. A series of four tests
was performed varying this collection distance from 2 to 7 in. (5.1 to 17.8 x
10'2 m) while holding all other operating conditions constant. The intent of
this test series was primarily to gain an indication of the sensitivity of
liquid spray uniformity to collection distance. A secondary objective was to
obtain another iﬁdication of the possible spray field distortion caused by the
presence of the collector in the gas flow path. All other tests were conducted

2

with a collection distance of 5 in. (12.7 x 10 “ m), which was selected as a

result of observed cold-flow spray formations.

Cold-Flow Test Results. The Task I cold-flow liquid distribution measurements

data were reduced using the assumption that the gaseous fuel simulant would be
equally distributed in each of the collection tubes. Thus, the calculated
"mixing efficiency'" was essentially a relative distribution efficiency for the
liquid only. It was recognized that the mixing efficiency calculated in this
manner could not be expected to quantitatively predict hot-firing performances.
However, it was considered that the ability to uniformly distribute the oxidizer
spray was a desirable feature and the mixing efficiency should provide a useful

index of this ability.

The cold-flow test results, along with the test operating conditions, are shown
in Table 1. The results for a 5 in. (0.127 m) injector-to-collector distance
and no annulus gas flow are shown graphically in Fig. 9 and 10. Figure 9 illus-
trates the effect of the penetration distance parameter on mixing efficiency

for fixed ranges of Dl/Dg' The mixing efficiency rises from about 85 to 96 per-
cent as Xp/Dg is increased from 0.12 to 0.58. The optimum value of Xp/Dg,
according to Fig. 9, would be between 0.5 and 0.8 which is consistent with the
Contract NAS3-7962 hot¥firing correlations. The suggested downturn of (nc*)mix
with Xp/Dg approaching 0.8 is quite tenuous, however, being based on a single

point.
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TABLE 1

TASK I COLD-FLOW TEST DATA

Run DZ Dg Ann&lus ;&- ;E- Em’ (nc*)mix’
No. | in. m in. m gas* MR g g % %
1 |0.258]0.656 x 1072]0.964]2.45 x 107%| 0.0 | 6.50[0.268(0.45[67.6] 91.9
2 4.72 0.32|66.4] 91.4
3 7.58 0.5267.2] 92.3
4 Y Y 11.40f V o.76|61.2] 89.0
5 0.798|2.03 x 1072 5.07]0.324 |0.29]60.0| 87.9
6 7.65 0.4368.4] 92.9
6A 7.52 0.42]65.9| 91.4
7 Y Y 10.50] ¥ fo.58|72.5| 96.3
0.892|2.26 x 1072 4.85]0.2890.30[61.9] 89.1
0.892]2.26 x 1072 7.58]0.2890.47]72.9] 93.8
10 0.691]1.76 x 1072 4.47)0.374[0.22/60.4] 88.6
11 l l | 7.66[0.374]0.37]67.6] 92.0
12 4.66]0.374]0.22]61.2] 88.9
13 | ¥ \j 0.964{2.45 x 1077 4.95(0.2680.12|53.5| 85.8
16 |0.078]0.198 x 1072 4.65[0.081]1.00|36.1] 46.9
17 |0.120]0.328 x 1072 4.850.133]0.62[42.6| "63.6
18 |0.2580.656 x 1072 Y | 4.92]0.268[0.33]67.1| 91.6
19 |o0.259]0.659 x 1072 13.9 | 4.90 0.39]64.8| 90.4
20 24.7 | 4.94 0.45(59.3| 87.4
21 Y Y 6.8 | 5.02 0.37|65.8] 91.1
22 0.891|2.26 x 1072| 6.5 | 4.97[0.289]0.34[66.8| 91.4
23 ~ o.798|2.03 x 107%| 6.5 | 4.81]|0.324[0.29{63.8] 89.9
24 10.1690.429 x 107%]0.964|2.45 x 1072| 0.0 | 5.08|0.176]0.52|51.5] s82.8
25 0.129]0.328 x 1072 | 6.5 | 4.93]0.133]0.72{41.4] 60.0
26%+[0.2580.656 x 1072 0.0 | 4.30}0.268{0.20|34.5] 70.2
27%%(0.258]0.656 x 1072 0.0 | 4.29/0.268/0.29|53.6] 85.8
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TABLE 1

(Concluded)
| D D % AP 1% e, |
Run ) g Annulus 7 ) m c* mix,
No. | 1in. m in. m gas* MR g g % %
28*+[0.2580.656 x 10720.964[2.45 x 107%| 0.0 | 4.31{0.268]0.20]79.3] 96.7
20 |0.258]0.656 x 1072|0.964]2.45 x 1072 4.3710.2680.29163.9| 90.6
50 |0.129]0.328 x 107%[0.691[1.76 x 1072 4.570.186 [0.45]50.6| 80.3
31 [0.1290.328 x 107%]0.437]1.11 x 1072 5.16]0.2940.32]64.3| 88.4
32 [0.169]0.429 x 107%[0.6911.76 x 1072 5.17(0.2450.38]61.7| 87.8
33 [0.2580.656 x 107%]0.691{1.76 x 1072 10.50[0.374 [0.4969.3| 94.9
134 |0.258]0.656 x 107%|0.437[1.11 x 1072] Y |10.50{0.590[0.32]s5.2| 73.2

*Percent of all gas injected

**Injector-to-collector distance was 2 in. (0.051 m) for test 26, 4 in.
(0.102 m) for test 27, and 7 in. (0.178 m) for test 28. The distance
for all other tests was 5 in. (0.127 m).
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Liquid mass flux plots, such as that illustrated in Fig. 11 and 12, provided
more detailed insight into the influences of XP/Dg. As XP/Dg was increased
from the value (0.43) shown in Fig. 11, the four "humps', associated with spray
stripped off the incoming liquid.jets, moved radially inward and combined into
one central hump (Fig. 12). Qualitatively, the overall spray uniformity could

be seen to improve as XP/Dg was increased.

The most surprising result of these cold-flow tests was that the liquid-gas
orifice diameter ratio, DQ/Dg’ has a very strong influence on spray distribu-
tion uniformity, independent of Xp/D . This is seen in Fig. 9 and again, more
explicitly, in Fig. 10. In the range of Dl/Dg = 0.3 to 0.4, spray uniformity
is relatively constant and the mixing efficiency is high, e.g., 90 to 96 per-
cent depending on Xp/Dg. When DQ/Dg was decreased below about. 0.3, however,
(nc*)mix fell off abruptly (e.g., to 60 percent at Dk/Dg = 0,133).

Test results obtained from the variable annulus gas (around each liquid jet)
flow tests are shown in Fig. 13. For these data, the mixture ratio and orifice
diameters were held constant, although the penetration parameter was allowed to
increase from 0.32 to 0.45 as the annulus gas percentage increased from 0.0 to
25 percent. These tests indicate that injection of a portion of the fuel
through the annulus orifices has little influence on spray uniformity up to
about 10-percent annulus gas. However, further increase in annulus flow to 25
percent results in a decrease in mixing efficiency of about 4 percent. -Refer-
ring to Fig. 9, the change in Xp/Dg from 0.32 to 0.45 should have resulted in
about a l-percent incirease in mixing efficiency, so the decline caused by annu-

lus gas flow alone would be slightly greater than suggested in Fig. 13.

In the test series in which the injector-to-collector distance was varied, 2 to
7 in. (5.1 to 17.8 x 10_2 m) collection distances were utilized while all other
operating conditions remained constant (XP/Dg = 0.29, Dg/Dg = 0.27, no annulus
gas). Assuming a uniform fuel (gas) distribution, the liquid relative mixing
efficiency was calculated and is plotted along with the percentage of the in-
jected liquid caught by the collection vessels in Fig. 14. Note that the per-
centage collected curve peaks at 4 to 5 in. (10.2 to 12.7 x 10'2 m). Apparently,

with the collection grid as close as 2 in. (5.1 x 10-2 m), some spray is lost
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Figure 11. Liquid Mass Distribution for Test No. 6, /Dg = 0.43
(Contours are in Mass Fractions for a 100 Tubég
Collection Matrix)
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Figure 12, Liquid Mass Distribution for Test No. 4, X /D_ = 0.78 (Contours
are in Mass Fractions for a 100 Tube Colle tign Matrix)
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Figure 13. Annulus Gas Effect on Liquid Mixing Efficiency
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Figure 14. Injector-to-Collector Distance Effect on Liquid Mixing Efficiency
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because of disruption of the spray/gas flowfield, while at 7 in. (17.8 x 10'2 m)
or beyond, spray begins to spread beyond the collection grid. The relative mix-
ing efficiency continued to climb as the collection distance was increased.

The reason for the latter result is that the liquid was quite concentrated at
the 2-in. (5.1 x 10-2 m) collection distance, but spread as the collection dis-
tance was increased, therefore covering the collection grid more uniformly. A
5-in. (12.7 x 10_2 m) collection distance was used in all other Task I cold-
flow tests, to remain near the highest percentages of collected liquid and to
closely approximate the performance observed in previous hot-fire studies with

this injector.

Cold-Flow Test Summary. As described, the five variables investigated in cold-

flow tests and the ranges over which they were changed were as follows:

Mixture Ratio 4.3 to 11.4

Gas Orifice Diameter, Dg 0.437 to 0.964 in. (1.11 to 2.45 x 10—2 m)
Liquid Orifice Diameter,Dz 0.078 to 0.258 in. {(0.198 to 0.656 x 10_2 m)
Annulus Gas Flow 0 to 25 percent _

Density of gas, P 0.01 to 0.07 1b/£t> (0.16 to 1.12 kg/m>)

From the data presented in the previous section, it was concluded that the uni-
formity of liquid distribution is governéd by two-dimensionless correlating
parameters, the ratio of liquid orifice diameter to gas orifice diameter (DQ/Dg)
and the penetration distance ratio (Xp/Dg). These controlling parameters were
varied over the ranges 0.133 to 0.374 and 0.12 to 1.0, respectively. To obtain
the most uniform liquid distribution, cold-flow results indicate the diameter
ratio should be 0.3 or higher while the penetration distance ratio should be
about 0.5 to 0.8. "It was also concluded that a small percentage (< 10 percent)
of annulus gas could be used without significantly decreasing the uniformity of

the liquid distribution.
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Application of Performance Correlations

The purpose of the empirical/analytical study performed in Task I was to pre-
dict the injection characteristics required to attain high performance and to
guide the hot-fire investigation of the single element, 20,000-1b (88,960 N)-
thrust recessed impinging jet injector. To accomplish this, the parametric
data generated in this study for vaporization and mixing efficiencies were used
to guide the hot-fire injector design and to predict overall c* efficiency
levels for the contemplated hot-fire injector. The overall efficiency levels
were determined by taking the product of the predicted vaporization and mixing
efficiencies evaluated at specific operating conditions. Plans for a hot-fire
test series were then created to provide the maximum amount of design informa-

tion for the number of scheduled tests.

Injector Conceptual Design. Nominal LOX/GH2 mixture ratio, chamber pressure,

and thrust per element were contractually specified as 5.0, 500 psi (345 x 104

N/mz), and 20,000 1bf (88,960 N), respectively, for the hot-fire tests. 1In
addition, it was decided to define conceptual design values for two cases: one
with no annular fuel and the other with about 30 percent of the fuel injected
through the annular orifices. Within these constraints, the performance cri-
teria developed in the preceding analysis were used to develop conceptual desigr

values.

As previously stated, the total injected gas momentum to liquid oxidizer flow-
rate ratio was used as an index of the performance potential for the recessed
impinging concentric injector. Figure 15 illustrates the ratios attainable for
the subject LOX/GH2 system as a function of the hydrogen injection area and
temperature for 100 percent of the fuel injected from the central orifice. For
70 percent (i.e., the annulus gas design), the curves are similar except that
the central fuel orifice area would be 70 percent of that shown in Fig. 15.

For maximum performance it was expected that the injector should operate at
ratios of gas momentum to oxidizer flowrate up to about 600 ft/sec (183 m/s).

Nominal fuel injection areas for the two hot-fire designs mentioned above were
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selected to be 2.0 and 1.27 in.2 (1.29 and 0.82 x 10-3 mz), respectively. This
allowed testing over a wide range of Mg/v’:0 (up to and including 600 ft/sec, 183

m/s) by variation of the fuel injection temperature.

The optimum penetration parameter (Xp/Dg) appeared to be between 0.5 and 0.8
from the cold-flow (spray distribution) study results. Also, it was determined
that the diameter ratio, Dz/Dg, should be maintained in the range of 0.3 or
above. Orifice diameter ratios were selected to be 0.32 and 0.4 for the 100

and 70 percent center fuel flowrate injectors, respectively, so (1) the diameter
ratio criterion was satisfied, (2) the penetration parameter was kept in the
optimum range, and (3) the same liquid orifice diameter could be used for both

-of the injector configurations.

Performance Prediction. Analytical prediction of the characteristic velocity

efficiency for the planned LOX/GH2 injector/thrust chamber combination required

assessment of the vaporization and propellant mixing efficiencies. To predict

(n c,,)\,E110
the planned nominal chamber pressure, mixture ratio, etc., with the combustion

, a series of vaporization-limited performance curves was generated at

model described in Ref. 1 and 2. These parametric curves describe (nc*) S

a
vap
a function of L* and D30 (Fig. 16 and 17). For the planned 30-in. (0.762 m)

L* chamber, it remained only to estimate D To do so, an empirical equation

30°
of Ingebo was used; not directly, but rather to extrapolate the empirical value
of 120 p (120 x 10‘6m) from NAS3-7962 operating conditions. This equation is:

D, = 1 (3)

30 v
2.64\/ b‘L + 0.97 (AV)
J

where
Vj = liquid injéction velocity
Dj = liquid‘orifice diameter
AV = gas-to-liquid velocity difference
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The parameters used in Eq. 3 are listed in Table 2 for (1) the previous test
5o of 120 1 (120 x 1078 m) was calculated,
and (2) nominal planned Task I hot-firing conditions.

conditions under which an apparent D

TABLE 2

DROPSIZE PARAMETERS FOR TASK I PERFORMANCE PREDICTIONS

vy, ft/sec Dy, in. Vg - Vg ft/sec Dzp» M
- -6
(m/s) m x 10°H (m/s) (m x 107°)
NAS3-7962 Test 120 (36.6) | 0.509 (0.129) 1800 (549) 120
Task I Hot-Firing 150 (45.8) | 0.509 (0.129) 3600 (1098) 61

Nominal Condition
(No Annulus Fuel)

Task I Hot-Firing 150 (45.8) { 0.509 (0.129) 3400 (1037) 64
Nominal Condition ‘
(30% Annulus Fuel)

Note that a dropsize of approximately 60 u (60 x 10—6 m) was predicted for the
nominal Task I hot-firing tests both with and withdut.annulus fuel flowrate.
Referring to the combustion model parametric curves in Fig. 16 and 17, the
predicted dropsize of approximately 65 u (65 x 10_6 m) or less indicated that
essentially 100-percent (nc*)vap could be expected,

The predicted mixing efficiency was based on the relative mixing efficiencies
obtained in the cold-flow spray studies. For liquid-to-gas diameter ratios
greater than 0.3 and liquid penetration parameters in the 0.5 to 0.8 range,
the relative mixing efficiency was on the order of 96 percent for zero annulus
fuel and 91 percent for 30 percent annulus fuel. It was recognized that these
efficiencies might not be directly equivalent to a hot-fire mixing efficiency
because the true gas flux distribution would not be uniform as was assumed in
the cold-flow analysis. However, mixing efficiencies in this range were ob-
tained with this injector in the previdus program (NAS3-7962), which lend cre-
dence to the values. In summation, the analysis predicted that N« OD the
order of 96 percent would be attainable in the hot-firing tests.
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Selection of Test Parameters. As mentioned above, the operating parameters

which appeared to influence the atomization and mixing characteristics of this
injector concept were the injected gas momentum to oxidizer flowrate ratio
(Mg/wo), the liquid penetration parameter:(Xp/Dg), the liquid-to-gas diameter
ratio (Dz/Dg), and the percent annulus flowrate.

Within the available number of tests, xp/Dg and Mg/w0 were selected as the
primary test parameters. The liquid-to-gas diameter ratio (DQ/Dg) was not
parametrically varied, but set in its optimum range (according to cold flow)
on the order of 0.3 to 0.4. From a performance standpoint most of the tests
were.to be run without annulus gas. It was recognized, however, that this
annulus gas might be needed from an injector cooling standpoint and so alter-
nate tests were planned with annulus gas (about 30 percent of the fuel injec-

tion rate).

Ranges of the two primary test parameters were determined to be: X /Dg = 0.40
to 1.0 and Mg/w0 = 100 to 600 ft/sec (30.5 to 183 m/s). Off-nominal chamber
pressure and mixture ratio operations were necessary to accomplish this range
of variation with minimal changes of hardware. Specifically, necessary mixture
ratio variations were in the 3.0 to 5.5 range and necessary chamber pressure
variations were from about 300 to 520 psi (207 to 358 x 104 N/mz). The pene-
tration parameter, X /Dg, was expected to primarily affect mixing while M /w
was expected to primarily influence atomization (and therefore vaporlzatlon)
To clearly distinguish between these two principle modes of c* performance
losses, the XP/Dg influence was initially evaluated in long chamber (L*) tests
where complete vaporization would be assured, with subsequent short chamber

tests used to investigate Mg/v'v0 and the vaporization efficiency.
HYDROGEN GAS AUGMENTATION HARDWARE FABRICATION

Hardware for the hydrogen gas augmented hot-firing tests consisted mainly of
a 20,000-1b (88,960 N)-thrust-pei-element, single element, recessed impinging
jet injector and a workhorse thrust chamber. In addition, a bomb (pulse gun)

ring and pulse guns were used for stability evaluations.
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Injector

The 20,000-1b (88,960 N)-thrust-per-element recessed impinging jet injector
was selected for hydrogen gas augmeﬁtation because of previously demonstrated
high performance under Contract NAS3-7962. This injector consisted of a cen-
tral fuel jet surrounded by and impinging with four equally spaced coaxial
oxidizer/fuel jets. All the jets or injector orifices were inside a shallow
recessed cup, thus the centerline impingement point of the jets was 0.130 in.
(0.330 x 10—2 m) downstream from the plane of the injector face. The in-

cluded angle of the coaxial impinging jets was 120 deg (2.094 rad).

Gaseous fuel was supplied to the central injector orifice through a straight
line from directly behind the injector. The oxidizer was manifolded into the
recessed cup through four 0.509 in. ID(0.0129 m) by 0.058 in. (0.147 x 10—2 m)
wall tubes which served as the impinging oxidizer orifices. The four tubes
were symmetrically manifolded together from a common point at one side and

to the back of the injector. Additional gaseous fuel supply was available

to enter the recessed cup through a 0.172 in. (0.437 x 10-2 m) wide annulus
around each of the oxidizer tubes. These four annular fuel passages were sup-
plied from an annular manifold which, like the oxidizer, was supplied from

behind and to one side of the injector element.

The 20,000-1b (88,960 N) element was mounted in the center of a flat, circular
injector faceplate which was protected by hydrogen (fuel) transpiration cool-
ing through Rigimesh. Type 347 CRES material was used to construct the injec-

tor components. A photo of the injector face is shown in Fig. 18.

To accomplish the selected parametric variations, it was necessary to provide
for modification 6f the central gas orifice size. Three different inserts
were fabricated to reduce the central gas jet‘orifice_size from the original
1.953 in. diam to 1.595, 1.382, or 1.270 in. (0.0496 m to 0.0405, 0.0351, or

0.0323 m). The central insert installation is shown in Fig. 19.
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The annulus orifice area of the basic injector was about 35 percent of the
total fuel orifice area*. Because it was desired to vary the relative amount
of gas injection through the annulii around the four oxidizer orifices, two
sets (4 each) of inserts were fabricated; one set to restrict the annulus gas
orifice area to about 15 percent of the total fuel orifice area, and one set
to completely close off the annulus gas flow. The annulus insert installation

is shown in Fig. 19.

Thrust Chamber

A workhorse thrust chamber (Fig. 20) was designed and fabricated under Con-
tract NAS3-7962, and this chamber was used as the injector test bed during the
hydrogen gas augmentation hot-fire testing phase of the program. The chamber
design consisted of an uncooled copper combustion zone and a water-cooled cop-
per nozzle. The combustion zone section of the chamber was a 1-in. (2.54 x
1072 m) thick copper liner inside a 3/8-in. (0.953 x 1072 m) thick steel jacket.
A transient heat transfer analysis (see Appendix E) was used to predict wall
temperature data for the combustion zone. The maximum allowable duration was
approximately 3 seconds before melting of the wall would occur at the hot gas
surface. Longer acceptable durations were predicted if a thermally insulating
combustion zone coating was used. Thus, a 0.010 in. (2.54 x 10_4 m) graduated
inconel-zirconium oxide coating was applied to the hot gas side wall of the

uncooled combustion zone. The coating composition was as follows:

Thickness,

in. (m) Coating Composition
0.0015 (3.81 x 10‘5) 100% inconel
0.0025 (6.35 x 10_5) 70% inconel-30% zirconium oxide
0.0035 (8.89 x 10_5) 30% inconel-70% zirconium oxide
0.0025 (6.35 x 10-5) 100% zirconium oxide

*Because annulus fuel was injected at ambient temperature and the center fuel
temperature was a variable, no attempt was made to keep the center and annu-
lus fuel velocities constant.
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Two combustion zone sections (spools) were used; one was 13.23 in. (0.336 m)
long, giving an L* of 30 in. (0.762 m), and one was 20 in. (0.508 m) long to

increase the L* to 70 in. (1.778 m) when both spools were used.

The heat fluxes in the nozzle throat and the converging and expansion sections
(Appendix E) required water cooling to allow for a reasonable test duration. The
necessary wall thickness at the throat was determined by considering the heat
flux capabilityvof the wall and the material strength. The nozzle section was
supplied with coolant from two inlet lines located 180 deg (3.141 rad) apart.
From the inlets, the water coolant was distributed into a common manifold cavity
inside a carbon-steel nozzle shell. The coolant then passed from the manifold
through a single, constant-width 0.1-in. (2.54 x 1073 m) passage behind the
nozzle-contoured wall, into a common exit manifold at the nozzle exit, and

then out through two exit passages 180 deg (3.141 rad) apart and 90 deg (1.571
.rad) from the inlet passages. An isometric drawing of the nozzle and related
cooling passages is shown in Fig. 20.

Pertinent thrust chamber design geometry is as follows:

Combustion chamber diameter, in. (m) 8.55 (0.217)
Nozzle throat diameter, in. (m) 6.05 (0.154)
Nozzle throat area, in.2 (mz) 28.75 (0.0185)
Contraction area ratio (ec) 2

Expansion area ratio (ee) 2

Nozzle convergence angles, deg (rad) 60 (1.047)
Nozzle divergence angle, deg (rad) 30 (0.524)

Injector-to-throat length; 30-inch L*, in. (m) 15.77 (0.401)
Injector-to-throat length; 70-inch L*, in. (m) 35.77 (0.909)

Temperature and pressure instrumentation ports were located at selected posi-
tions in the combustion zone as shown in Fig. 20. Provisions were made for
installing chamber-wall heat flux probes at six axial and circumferential loca-
tions within the combustion chamber. Two of the six ports for the probes were
in the flange adjacent to the injector, and the remaining four ports were in

R-8361
49



the flange just upstream of the nozzle converging section. Three pressure-
pickup ports were also located in the chamber flanges, one at the injector end
and two adjacent to the nozzle. Four Photocon pressure transducer ports were
positioned in the thrust chamber combustion zone. Three of these ports were
located 3 in. (0.0762 m) downstream from the injector end of the chamber at 0,
120, and 225 deg (0, 2.094, and 3.926 rad) from the top centerline looking aft.
The fourth Photocon port was 3 in. (0.0762 m) upstream from the nozzle con-
verging section on the top centerline (0 deg). After the first hot-firing
test, the Photocons were relocated to the bomb ring at 30, 120, and 330 deg
(0.523, 2.094, and 5.752 rad) from the top centerline. These Photocon pres-
sure pickup ports were for fast-responding and wide-frequency range instrumen-

tation used for stability evaluation.

Under Contract NAS3-7962, erosion had been experienced around the Photocon in-
strumentation ports during several of the hot-firing tests. Because of this
prior erosion history, the Photocon installation for the subject program was
modified so that the pickup was recessed away from the hot gas wall as shown
in Fig. 21. First, they were mounted on the chamber wall and later on the
bomb ring. The resonant frequency of the recessed cavities was approximated

from the following equation:

o)
ola

(4)

3w

12
v 2L
where Ca is the sound speed in the cavity, assumed to be 2500 ft/sec (762 m/s)

and L, D, 2, and d are the cavity dimensions as shown below:

TRANSDUCER

7T~

%
G
HOT GAS WALL -/ 1 ¢

R-8361
50



L
) i
\_Bomb Ring | x’l‘hmst Chamber

NN
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The cavity resonant frequencies (f) were calculated to be about 14,000 and
5900 Hz for the chamber and bomb ring installations, respectively; outside the
most common chamber acoustic frequencies (first tangential ~ 4500 Hz, second
tangential ~7500 Hz, first radial ~9400 Hz). Therefore, if these chamber
acoustic frequencies were to occur, the recorded amplitudes would be close to
their actual values. The biggest unknown here was the effective speed of
sound in the cavity. If the speed of sound were greater than the assumed 2500

ft/sec (762 m/s), the cavity resonant frequencies would also be greater.

Bomb Ring/Pulse Gun

During the hot-firing phase of the program, bomb (pulse gun) tests were con-
ducted to determine the stability characteristics of the injector. A bomb ring
was designed and fabricated to house three pulse guns which were used to gen-
erate finite amplitude disturbances for artificial instability initiation.

The bomb ring was sandwiched between the chamber and injector as shown in Fig.
21. The bomb ring was 2.50 in. (0.0635 m) thick which, when used with the

existing thrust chamber, increased the L* by 5 in. (0.127 m).

Three pulse guns were mounted in bosses machined in the ring. All of the gun
axes were in a single plane normal to the combustor axis and approximately
1.25 in. (0.0318 m) below the injector face. The pulse guns were oriented to
give tangential, radial, and chordal disturbances as shown in Fig. 22. This
orientation was tailored mainly for the single element (centrally located) in-

jector configuration.

Existing gunpowder pulse guns (Fig. 22) were used which were designed for
pulsing the XRL booster engine. The pulse gun/bomb ring barrels were examined
as possible quarterwave dampers for any induced instability. The simplified
approach taken was to assume that the total length of the pulse gun, and its
connecting tube through the chamber wall (bomb ring), formed a quarterwave
resonator. The corresponding frequency was then compared with expected insta-
bility frequencies. This approach required knowledge (or assumption) of the

effective sound speed in the gun barrel. Six cases were considered, two each
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for radial, chordal, and tangential gun orientations: (1) unfired guns with
Cb = 2500 ft/sec (762 m/s) sound speed and (2) just-fired guns with 4000 ft/sec
(1219 m/s) sound speed.

Assumed effective barrel lengths, Lb’ were:

Unfired Fired
Radial Gun, in. (m) 5.35 (0.136) 7.35 (0.187)
Chordal Gun, in. (m) 5.85 (0.149) 7.85 (0.199)
Tangential Gun, in. (m) 7.60 (0.193) 9.60 (0.244)

with Lb = A4 = Cb/4f, the corresponding frequencies were:

Unfired Fired
Radial Gun, Hz 1402 1633
Chordal Gun, Hz 1282 1529
Tangential Gun, Hz 987 1250

These frequencies were considerably lower than those of the most likely cham-
ber cross-sectional acoustic resonances (first tangential, second tangential,
and first radial) so that damping of these instabilities by pulse gun cavities
appeared unlikely. These pulse gun barrel frequencies were comparable to those

of the possible first longitudinal modes, however.
HYDROGEN GAS AUGMENTATION HOT-FIRING TESTS

The Task I hot-fire testing phase of the program was conducted primarily to
demonstrate performance and stability of the large thrust-per-element impinging
concentric injector and to aid in establishing design criteria for high per-
formance. Liquid oxygen/gaseous hydrogen were used as the main propellants
with the gaseous hydrogen iﬁjéction especially designed to augment the atomi-
zation and mixing processes. The 20,000-1b (88,960 N)-thrust-per-element,
recessed, impinging jet injector concept was selected for the hot-firing demon-
strations because of promising results under Contract NAS3-7962. The injector

design was modified to accommodate the change of '"augmenting gas' from the hot
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02/H2 combustion gas to hydrogen and to permit the desired parametric per-
formance evaluation. A workhorse thrust chamber was used as the test bed for

the hot firing.

The test series was formulated to evaluate first*, the parameters which con-
trol mixing and subsequently to evaluate vaporization controlling parameters

at a relatively constant mixing efficiency. A long L* chamber was used for

the mixing limited tests, to assure complete vaporization. A relatively short
L* chamber was used for the vaporization-limited performance tests. Mixture
ratio, chamber pressure, hydrogen gas temperatures, and gas orifice sizes were
changed to explore performance correlating parameters such as the penetration
parameter (Xp/Dg), the injected gas momentum to oxidizer flowrate ratio (Mg/wo),
and the percent annulus gas. Dynamic stability of the hardware was evaluated

during selected tests, aided by artificially induced pulse gun disturbances.

Facilities and Equipment

The LOX/hydrogen gas augmented injector performance and stability tests were
conducted at CTL-3, cell 18B, of the Rocketdyne Santa Susana Propulsion Field
Laboratory. CTL-3 is a multiposition test complex containing four multicell
test modules with a central control and recording center, and is the facility
utilized for the hot-fire testing under Contract NAS3-7962. A schematic of
the test system is presented in Fig. 23 showing the valves, flowmeters, and
the primary control orifices relative to the main propellants and coolant.
Also shown are some of the basic chamber assembly temperature and pressure

measurements recorded during the testing.

The test facility consisted of a thrust mount attached to a concrete bed,
plumbing for the main propellants, plumbing for water coolant, and the elec-
trical and control systems. A 20,000-1b (88,960 N)-thrust load cell was used

to measure the main thrust component from the chamber firing in a horizontal

*Because of the injector face erosion encountered in the first test (with no
annulus gas), these goals were redefined to first establish the minimum amount
of annulus fuel flow required for face cooling and then investigate mixing and
vaporization independently.
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position. The main pfopellant lines and water coolant lines tied into the
plumbing for adjacent test cell 18A. Therefore, the tanks, many of the valves,
control, and much of the instrumentation were common to both test positions.
High-pressure helium, GN2, and GH2 systems were used for pressurizing the pro-

pellant tanks, purging, and for valve operation.

A single LOX run tank supplied oxidizer to the injector with a turbine-type
flowmeter used to measure the total LOX flow from the tank. Tank pressure
variations and a venturi were used to orifice and to control the flow in the
main LOX line. The "main' hydrogen system was designed to deliver hydrogen
gas or liquid over the desired range of temperatures, pressures, and flow-
rates to the central showerhead gas orifice in the injectors. A temperature
servocontrolled LHZ/GH2 mixer system was used to obtain the required condi-
tioned hydrogen potentially ranging from ambient temperature down to about

50 R (28 K) hydrogen. Sonic venturii were used to meter the main hydrogen and
provide mass flowrate control independently of the operating chamber pressure.
An ambient temperature hydrogen gas system was utilized to supply the injector
annulus and face coolant flow. A 2800-psig (1930 x 104 N/m2) hydrogen source
was employed for this gas, metered and controlled by a sonic venturi. A dome-
loaded pressure regulator was also used upstream of the sonic venturi to con-

trol the mass flowrate.

A CTF systeﬁ was used for igniting the main propellants. The CTF was housed in
a replaceable cartridge containing a burst diaphragm on each end. CTF was pro-
pelled into the chamber by igniter GOX which continued to flow and sustain
ignition after the CTF slug was expelled. CTF and GH, reaction generated the

2
initial ignitiom.

Water was used as the coolant for the thrust chamber nozzle section. A turbine-
type flowmeter and orifices (upstream and downstream of the nozzle) were used
to measure and control the flow. )

A wide variety of measuring devices and control systems were used throughout

the test program. Table 3 shows the main parameters recorded during the bulk -
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of the testing, the type of recording used, and the range of the pickups used.
Chamber pressures, thrust, injection pressures, injection temperatures, and
the main propellant flowrate parameters were recorded on an oscillograph (for
transient response) and also on direct-inking graphic recorders (DIGR's).
Other DIGR parameters included tank pressures, CTF ignition system pressures,
water coolant pressures and temperatures, and in general all parameters where
response time was not critical. Chamber wall temperatures were recorded on
the oscillograph to achieve rapid response. Response from high-frequency
instrumentation, consisting of three chamber pressure Photocons, one oxidizer
injection pressure Photocon, and an axial accelerometer, was recorded on
tape. This high-frequency instrumentation was primarily for monitoring and
analysis of combustion stability. The accelerometer was monitored by a vibra-

tion safety circuit device with a variable delay time and "g'" cutoff loading.

Event recorders, sequence timers, etc., were employed throughout the program
for proper test setup and control. Motion picture coverage of éll firings
was used to aid test analysis and provide test documentation. One Fastax
(~2000 frames/sec), two Milliken (~ 400 frames/sec), and two Bell and Howell

(~64 frames/sec) cameras were employed to photographically cover each test.

Test Procedures

Basically, both the start and cutoff sequences for all tests were fuel rich.
Specifically, the tests began with purges '"on" in the main propellant lines.
These purges were checked and/or sequenced off as the propellants entered.
Next, the water coolant for the chamber nozzle was switched on, followed by
GH2 for injector face cooling. At about the same time, the main GH2 entered
through the central injector orifice. The fuel lead continued for about 12
seconds, long endugh for the temperature to stabilize, and then ignition was
achieved by a CTF hypergol slug entering the chamber. Igniter oxidizer (GOX)
followed the CTF and sustained ignition. Approximately 2 seconds after igni-
tion, the main oxidizer (LOX) flow entered the chamber with subsequent pres-

sure buildup and mainstage. The cutoff sequence was basically the reverse of
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the start sequence; i.e., oxidizer off first, then fuel off about 4.5 seconds
later followed by water coolant off and line purggs on as the propellant flows

decayed. A typical operating sequence is depicted by Fig. 24.

Testing

Test Plan. The test plan for the hydrogen gas augmentation hot-firing phase
of the programvwas formulated to demonstrate performance and stability of the
selected large thrust/element injector and to establish design criteria for
the gas augmented injector concept. An initial test (described later) was
conducted, with no annulus gas, resulting in injector face erosion. To avoid
this problem and to achieve the test objectives, the approach used thereafter
was (1) to establish the minimum amount of annulus fuel flow required for
heat transfer (cooling) purposes, (2) to evaluate (at a constant percentage
of annulus gas) the parameters which control mixing by testing in a long L*
chamber where complete spray vaporization would be expected, and (3) to eval-
uate the vaporization controlling factors at the best mixing condition and at

a constant percentage of annulus gas.

Basically, the first six tests were designed so that performance would be mix-
ing limited; i.e., the L* was sufficiently long enough, 75 in. (1.905 m)*, so
that atomization and vaporization were essentially completed and the mixing
processeshcontrolled berformance. The penetration distance parameter, XP/Dgg
was to be explored relative to the mixing limited performance. The orifice
diameter rgtio (Dz/Dg) was set, as a result of the preceding analysis, at 0.32
for the first test (no annulus gas) and at 0.4 for the remaining tests. The
last three tests were to be conducted under conditions where the mixing effi-
ciencies were known and relatively high and the L* was low, 35 in. (0,889 m)**,
Thus, the vaporization influences on performance were expected to be predbm-

inant. The main vaporization correlating parameter to be explored was the

*The chamber L* was 70 in. (1.778 m), but the addition of the bomb ring,
which was present for all tests, lengthened the L* to 75 in. (1.905 m).
**The chamber L* was 30 in. (0.762 m), but the addition of the bomb ring,
which was present for all tests, lengthened the L* to 35 in. (0.889 m).
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center gas momentum/oxidizer flowrate (Mg/wo) ratio. Off-nominal chamber
pressure and mixture ratio operations were planned in conjunction with some
of the tests to sufficiently establish the correlating parameter influence

and at the same time minimize hardware changes. Description of the individual

tests follows.

Test No. 1. The first LOX/GH2 hot-firing test was conducted using the 20,000-
1b (88,960 N)-thrust-per-element (single element) recessed impinging jet in-
jector containing a 1.595-in. (0.0405 m)-diameter central GH2 jet impinging
with four 0.509-in. (0.0129 m)-diameter oxidizer jets (4-on-1). The anriulus
gas orifices (annular orifices around each oxidizer orifice) were plugged as
shown in Fig. 19. Approximately 10 percent of the fuel was used as coolant
for the injector Rigimesh. The thrust chamber for this test contained a two-
piece uncooled copper combustion zone, a water-cooled copper nozzle and a
steel bomb (pulse gun) ring mounted at the injector end. The injector-to-
throat length was 38.27 in. (0.976 m) and the resultant L* was 75 in. (1.905
m). The test was programmed for 2 seconds of mainstage at 450 psia (310 x
104 N/m2) chamber pressure and 4.75 mixture ratio with a main fuel (GH2
through the center jet) temperature of 400 to 425 R (222 to 236 K). During
the test, the actual LOX flowrate was somewhat lower than planned resulting
in a chamber pressure of 385 psia (265 x 104 N/m2) and a mixture ratio of
>3.81. The actual mainstage portion of the test lasted for 1.98 seconds.
Pertinent operating conditions and performance numbers for this test and all

subsequent tests are listed in Table 4.

Posttest inspection of the hardware revealed considerable damage to the re-
cessed cup portion of the injector, to the bomb ring, and to thrust chamber
walls. This damage appeared to be caused by recirculating gases adjacent to
the walls of the injector cup and adjacent to the chamber wall near the injec-
tor face. A photograph of the injector damage is shown in Fig. 25. This
photograph shows the cup erosion around the oxidizer orifices. The erosion

is about 1/4-in. (6.35 x 10_3 m) deep, maximum, and it occurs upstream as

well as downstream and between the oxidizer orifices. Figure 26 shows the

worst of the chamber wall erosion in the area near the injector face. Eroded
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Thrust Chamber Injector End, Posttest No. 1

Figure 26.




areas* in Fig. 26 include: (1) the copper chamber wall adjacent to the bomb -
ring, (2) the bomb ring, and (3) the Photocon pressure transducer ports.

Some erosion was also experienced at the joint between the two uncooled copper
combustion chamber sections (copper liner inside a steel shell) and at the
leading edge (start of convergence) of the water-cooled copper nozzle liner.
The deepest chamber erosions occurred in zones radially outward from the four
oxidizer orifices, thereby suggesting that the oxidizer streams did not pene-
trate_significéntly into ('"bounded off'") the high velocity ~ 3550 ft/sec
(~1080 m/s) central gas jet.

Injector repair procedures included: (1) to remove the four oxidizer tubes,
the Rigimesh face and the damaged portion of the cup wall, and (2) insert new
material to build up the cup wall, weld the cup insert in place, machine and
drill the new cup, install a new Rigimesh face, and install fopr new oxidizer
tubes (orifices). This repair essentially returned the injector to its ori-
ginal condition. The combustion chamber section adjacent to the injector was
repaired by installing a new uncooled copper liner inside the steel jacket and
by plugging the damaged Photocon pressure transducer ports (three new Photocon
ports were added to the bomb ring). The second (downstream) copper combustion
chamber section and the water-cooled copper nozzle liner were repaired by
building up the eroded afeas with copper weld material and machining to the
original contour. Bomb ring repair procedures were to remove the damaged

surface and replace the lost material with a sleeve which was welded in place.

Under Contract NAS3-7962, the above mentioned 20,000-1b (88,960 N) recessed
impinging Jet injector had been fired several times (Ref 3) with no evidence’
of injector or chamber erosion when GH2 was flowing through the four annular
orifices around the oxidizer orifices. This annulus gas was omitted for the
first test where the above-mentioned damage occurred. Thus, it was concluded
that fhe annulus gas significantly influences the hardware erosion suscepti-
bility; therefore, ambient temperature annulus gas was included in all subse-

quent tests.
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Tests No. 2 and 3. Tests 2 and 3 were relatively short (~ 1/2 second)-

duration tests designed to determine whether annulus gas (GH2) would prevent
injector erosion and, if so, how much was required. The 20,000-1b (88,960 N)
recessed impinging jet injector was again used, but modified slightly to pro-
vide a 1.27-in. (0.0323 m)-diameter central GH2 jet impinging with the four
oxidizer jets, each surrounded by an annular flow of ambient temperature GH2.
Ambient GHZ’ ~ 15 percent of the total annulus-face coolant flow, was also
used to cool the Rigimesh face. The thrust chamber for these tests was essen-
tially the same as used during test No. 1 (75 in. (1.905 m) L*). During

test No. 2, the combined annulus gas and face coolant flow was about 57 per-
cent of the total fuel flowrate, and during test No. 3 this flow was cut to
about 30 percent. In addition, during these tests the penetration distance
(Xp/Dg) parameter was varied to determine its effect on the mixing limited
performance. Tests results were satisfactory and no hardware damage was

sustained.

Test No. 4. Test No. 4 was essentially a repeat of test No. 3 except for
increasing the duration to ~ 2 seconds. Test results were satisfactory ex-
cept for some minor thrust chamber erosion at the downstream edge of the

bomb ring, in the joint between the bomb ring and upper combustion zone spool
section and in the joint between the upper and lower combustion zone spools.
These erosions were most likely perpetrated by discontinuities in the chamber
walls at these joints. Most of the erosions were midway between, 45 deg
(0.785 rad) from, the LOX jets.

Tests No. 5 and 6. Tests No. 5 and 6 were conducted to further evaluate the

penetration distance parameter, Xp/Dg’ and the mixing limited combustion effi-
ciency. The annulus gas-face coolant flow was about 30 and 23 percent,

respectively*, of the total fuel flow. The hardware remained the same as

*This percentage varied somewhat because of a difference in injected mixture
ratio. The annulus gas face coolant flow was maintained constant at about
5 percent of the total propellant flowrate for these tests.
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used for the previous tests. The test duration for tests No. 5 and 6 was set
for about 1.5 seconds to minimize chamber erosion. Test results were satis-

factory and very little chamber erosion occurred.

Test No. 7. Test No. 7 was essentially a repeat of test No. 5 except the
chamber L* was reduced to 35 in. (0.889 m) to evaluate the vaporization ef-

fects. Test results were satisfactory.

Tests No. 8 and 9. Tests No. 8 and 9 with the 35-in. (0.889 m) L* chamber

were satisfactory except that the Mg/v?ro ratio was somewhat lower than desired

during test No. 8, and during test No. 9 the quantity of annulus gas-face
coolant flow was excessive; i.e., 52.8 percent compared to the targeted 30
percent. The excessive annulus gas flow was caused by a facility pressure
regulator failure. Results from tests No. 8 and 9 are listed in Table 4 along

with results from the previous tests.

In addition to performance, dynamic stability evaluation was pursued during
tests No. 5 through 8. Three pulse guns were triggered during each of these
tests and the pulse gun charge sizes varied from 10 to 80 grains (6.5 to

51.8 x 10'4.kilograms). Sketches depicting the pulse gun and the three dif-

ferent orientations used are shown in Fig. 22,

Test Results

Performance. The index of injector performance for the experimental prograﬁ
is corrected c* efficiency. This parameter was calculated by.two independent
methods, one based on measurement of chamber pressure, and the other on mea-
surement of thrust. Correlation of these two methods can allow an independentv
check on the data measurement accuracy. The procedures for computing the
performance were similar to those used under Contract NAS3-7962 (Ref. 3) and
are summarized in Appendix B. Efficiencies based on thrust averaged about |
2.2 percent (0.6 to 3.6 percent) less than those based on chamber pressure,

although the observed trends were always the same. Techniques for obtaining
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the chamber pressure and thrust parameters used are described in Appendix C
along with some factors which may explain the thrust and chamber pressure

efficiency differences.

As previously described, the first six tests were designed to characterize
mixing-limited combustion efficiency. The performance obtained during these
tests are shown in Fig. 27. In this figure, the c* efficiency is plotted
against the penetration parameter, Xp/Dg. These data actually represent the
mixing limited combustion efficiency because the chamber L* was relatively
long [75 in. (1.905 m)] and vaporization was essentially complete, i.e.,
(nc*)vap =100 percent. Also included in the figure is one data point (run
023) from the NAS3-7962 program, which used the hot gas augmented version of
the same injector concept. With the percent annulus plus face coolant
(Rigimesh) gas between about 23 and 57 percent of the total fuel flow (4.4
vto 7.6 percent of total flow as annulus gas), a smooth correlation exists
with the penetration parameter. As XP/Dg increases from about 0.4 the per-

formance, (nc*) rises sharply at first, and then levels out. Between

Xp/Dg of 0.7 tomifo it reaches a value of 97 or 99 percent, according to
thrust or chamber pressure, respectively. Only the performance of test No. 1
with O-percent annulus gas injection (about 10 percent of the total fuel was
supplied as injector face coolant through the Rigimesh) fell off of this
curve. If this test No. 1 data are valid (in spite of the injector erosion
encountered) the indication is that overall propellant mixing was less de-
graded at these conditions when there was no'annular fuel injection. Similar

results were observed in the Task I cold-flow study.

The vaporization-limited performance data from tests No. 7 through 9 are
plotted in Fig. 28, together with the previously discussed 75-in. (1.905 m)
L* test data (ruhs 2 and 5) and several data points from the '"Two-Stage
Program' (NAS3-7962). Tests No. 2, 5, and 7 through 9 were.selected with an
Xp/Dg value between 0.69 and 0.98 and Dz/Dé of 0.4 so that the propellant
mixing efficiency would remain virtually constant and differences in vapori-
zation efficiency would be evident. As expected, the figures show that (nc*)

levels increase with chamber L*. For a fixed chamber size, the performance
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Figure 28. Vaporization-Limited Performance, Recessed Impinging Jet Injector
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plotted against (Mg)tot/MZ seems to correlate well. Originally, the data were
plotted against (Mg)/wk but there was appreciable scatter so the momentum
ratio was selected as a better empirical parameter for correlating vaporiza-
tion efficiency. It should be noted that Mg represents the total injected
gas momentum, i.e., the sum of the center and annulus gas momentum. The test
data do not correlate when only the center gas or.only the annulus gas momen-
tums are used, thereby implying that both gas streams contribute to the vapor-

ization processes.

The vaporization effects on performance indicated in Fig. 28 can be shown

more explicitly by applying the (nc*)mix information (Fig. 27) to the measured

performance data (Fig. 28) to obtain (nc*)vap directly, i.e.:
M. = e (5)
c*’vap (nc*)mix

The results are shown in Fig. 29 where (nc*)vap is plotted against (Mg)tot/MZ
for constant values of L*. Essentially, the trends shown in Fig. 29 are a
repeat of those described in Fig. 28, except that (nc*)vap is shown

quantitatively.

One of the program objectives is to establish design criteria which can be
used to generate future high-performing gas augmented injector concepts.
Figures 27 and 29 were established with this end in mind. Further work was
needed, however, to refine the correlating parameters used, namely the Xp/D
and Mg/MQ parameters, and to determine whether additional parameters were

necessary to define performance characteristics.

Stability. A major program objective was to evaluate the stability charac-
teristics of the hardware, particularly the injector. Wide frequency range,
fast responding instrumentation was used during each test to monitor the sta-
bility characteristics. The instrumentation consisted of one axial accelerom-
eter, one oxidizer injection pressure Photocon and three chamber pressure

Photocons. During the first test, two of the chamber pressure Photocons were
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5-1/2 in. (0.14 m) downstream of the injector face and the third chamber pres-
Each of these

three Photocons was recessed about 0.38 in. (0.0097 m) away from the hot gas

sure Photocon was 12-3/4 in. (0.32 m) downstream of the face.
wall. During subsequent tests No. 2 through 9, the three chamber pressure
Photocons were installed in the bomb ring 1-1/4 in. (0.032 m) downstream of
the injector face and recessed about 3-1/2 in. (0.089 m) from the hot gas
wall. Output from this instrumentation was recorded on tape, transcribed on
oscillogram-type records and for some tests transcribed on expanded scale

Brush records.

Dynamic stability characteristics were observed during tests No. 5 through 8.
For each of these tests three pulse guns were fired, each with different size

charges. The charge sizes and the gun orientations are listed in Table 5.
TABLE 5

PULSE GUN CHARGE SIZE AND ORIENTATION

' Maximum P
Test Charge Size, grains (kilograms) OVerpressuge,
No. Radial Chordal Tangential psi (N/m™)
5 | 10 (6.5 x 10“4) 40 (25.9 x 10"4) 80 (51.8 x 10'4) 320 (220 x 104)
6 |20 (13.0 x 1004 |80 (51.8 x 107%) |40 (25.9 x 1074 | 700 (480 x 10%
7 140 (25.9 x 107h |20 (13.0 x 107 |10 (6.5 x 107h |300 (210 x 10*
8 |80 (51.8x 1074 |10 (6.5 x 107" 20 (13.0 x 107 |460 (320 x 10%)

During each test, the charges were sequenced to fire in order of ascending

weight; thus in a test firing using charge weights of 10, 80, and 40 grains

(6.48 x 10~

4

, 51.84 x 107

would be 10 grains, 40 grains, and lastly the 80-grain charge.

, and 25.92 x 107 kilograms) the order of firing

About 250

milliseconds were allowed between the pulse gun firings, which were sequenced

after approximately 0.75, 1.00, and 1.25 seconds of mainstage.

A vibration

safety cutoff (VSC) device was set for 40 milliseconds of sustained insta-

bility at 300 g rms before possible shutdown.
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Table 5 also shows the maximum Pc overpressure recorded by the Photocons.
This maximum overpressure generally occurred in conjunction with the largest
charge size and, as anticipated, it appeared to be a function of the Photocon
location relative to the gun orientation. The absolute magnitude of the Pc
overpressures are inconclusive and serve only to show that the disturbances
were significant. The pulse gun pulses did not produce a LOX injection pres-

sure overpressure.

A typical expanded Brush record is presented in Fig. 30 showing the 80-grain
(51.8 x 10-4 kilograms) charge disturbance from the radial pulse gun during
test No. 8. The trace from the'Pc Photocon No. 3 shows an overpressure of
460 psi (320 x 104 N/mz) above the nominal. This pickup was 120 deg (2.094
rad) away from the radial pulse gun barrel (Pc No. 1 and 2 were both 30 deg,
0.523 rad, from the gun barrel) and it was in the same plane. All of the

‘traces indicate that the disturbance damps in less than 5 milliseconds.

Analysis of Results

Mixing Efficiency Analysis. One of the main objectives of the hydrogen gas

augmentation hot-firing phase of the program was to experimentally evaluate
the parameters which control propellant mixing, thereby permitting empirical
improvement of the cold-flow mixing limited performance correlations. Thus
the Task I cold-flow results were cbmpéred with the mixing hot-fire results.
These data (from Fig. 9 and 27) are replotted in Fig. 31 as a function of the
liquid/gas penetration parameter (XP/Dg) and the liquid-to-gas orifice diam-
eter ratio. It is recognized that there is a difference in scale* between
hot fire and céld flow as well as the percent annulus fuel flowrate**. How-
ever, with these qualifications an excellent correlation was obtained. Thus,

cold-flow mixing tests in which the uniform gas assumption was used for data

*Hot-fire scale was 20,000-1bf (88,960 N)-thrust-per-element compared to
cold flow 5000-1bf (22,200 N)-thrust-per-element.
**Hot-fire percent annulus fuel was approximately 26 percent of the total
propellant flow in Fig. 31 while cold flow was without annulus gas.
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> 1000
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Figure 30. Brush Record of 80-Grain (51.8 x 10 ~ kg)
Pulse Gun Disturbance, Test No. 8
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reduction purposes, effectively predicted mixing efficiencies for the 20,000-
1b (88,960 N) recessed impinging jet injector with LOX/GH2 propellants.
Whether or not the uniform gas flow assumption was acceptable for other ele-
ment sizes, types, or flow conditions remained to be seen. This will be fur-

ther discussed under the Task II portion of this report.

Vaporization Efficiency Analysis. The vaporization-limited performance re-

sults from a previous hot gas augmented program (Contract NAS3-7962) and from
the current LOX/hydrogen testing, each using the recessed impinging (coaxial)
injector, were empirically correlated with the gas-to-liquid momentum ratio
(Fig. 29).

As previously described, vaporization-limited combustion model performance
data, (nc*)vap’ were also generated for the hot-firing injector/thrust chamber
conditions as a parametric function of LOX dropsize (DSO) and chamber L* (see
Fig. 16 and 17). The hot-fire data and the combustion model data may be
directly compared to yield vaporization efficiency vs chamber characteristic
length at several constant values of momentum ratio. Because of the very
close similarity between the experimental and analytical families of curves,
it was possible to infer direct correspondence between the analytical mean
droplet size and the hot-firing momentum ratio. The volumetric mean dropsize
so predicted is plotted against the hot-fire momentum ratio for each value

of L* in Fig. 32. Note that this yields one curve which is independent of
chamber characteristic length, as expected. Thus, the volume mean dropsize
may be predicted from the momentum ratio (Fig. 32). This dropsize and the
chamber characteristic length can then be used to obtain the predicted vapor-
ization efficiency as is illustrated by the dashed curves in Fig. 33. Note
the correspondence between these calculated curves and the solid line hot-
firing data curves repeated from Fig. 29. At no point do the analytical and

experimental efficiencies differ by more than 1 percent.

Stability. All of the stability records suggest that the injector/thrust

chamber hardware is dynamically stable under each of the conditions tested.
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Figure 32. Predicted Volume Mean Dropsize vs Momentum Ratio
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Traces of low amplitude 'moises' were observed at several different fre-
quencies, although none were specifically singled out. Some general observa-

tions are listed below regarding the stability results:

1. The composite (compound) steady-state noise levels recorded by the
chamber pressure and LOX injection pressure Photocons were nominally
about 15 percent (peak-to-peak) of the operating pressures, inde-
pendent of the pulsing. The true amplitudes recorded may be

effected by the cavities leading to the recessed pressure pickups.

2. A predominant frequency could not be singled out during any of the
tests although traces of several different frequencies were observed,
namely those around the 1200, 2000, and 4000 Hz ranges. The latter
is near‘the chamber first tangential acoustic mode frequency of

~4500 Hz.

3. The observed frequencies were not clearly defined, but could be
feed-system coupled, acoustic type and/or related to the recessed

pressure pickup cavities.

4. All of the pulse gun disturbances damped completely in less than

5 milliseconds.

5. No disturbance was recorded by the pressure pickups or accelerometer
when the 10-grain (6.5 x 10_4 kilograms) charge was fired; the 20-
and 40-grain (13.0 x 10”4

bances were recorded some of the times and the 80-grain (51.8 x 10

and 25.9 x 107% kilograms) charge distur-
’ 4

kilograms) charge disturbance was recorded all of the time by the PC

pickups and accelerometer.
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TASK II, EVALUATION OF GAS-LIQUID INJECTION CHARACTERISTICS

The objective of Task II was to evaluate and characterize the performance con-
trolling design and operating parameters of gas/liquid impinging jet and coaxial

injector elements suitable for application to the LOX/GH FLOX/CH4, and LFZ/GH2

>
propellant combinations. In accord with the performancezanalysis concepts pre-
sented in the Task I discussion, the injectors' influence on performance was
deemed to be a function of their ability to atomize and uniformly mix the pro-
pellants. Elements investigated include basic impinging, basic concentric tube,

concentric tube with swirler, impinging concentric, and tricentric with centerbody

types.

Injector characterization was accomplished primarily by means of tests using non-
reactive prdpellant simulants. These cold-flow tests were conducted to determine
the propellant droplet sizes, the dropsize distribution, and the mass and mixture
ratio distribution for the various injector elements, sized to match hot-firing

designs from about 50-to 5000-1bf (222 to 22,200 N) thrust/element.

It should be noted that throughout Task II the emphasis was placed on breadth in
lieu of intensity of the investigation. This is appropriate in lieu of the fact
that this work represents the first application of the subject cold-flow injector
characterization.techniques to simulate gas/liquid injector. The inclusion of
diverse types of injector concepts together with the many design and operating
variables and the desired broad scope of application presented a very large po-
tential test matrix. To span these conditions with a limited allocation of tests,
emphasis was placed upon (1) defining key or controlling parameters, and (2) deter-
mining trends in atomization and mixing with these variables. Thus, in many cases,
"two-point curves' were generated and extensive use was made of cross-plots and

interpolation.
DESIGN OF COLD-FLOW INJECTORS

A mathematical analysis was performed to determine the requirements for cold-flow

modeling of a hot-firing gas/liquid rocket engine injector. This analysis was
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supported by another program; however, results are directly applicable and are
briefly summarized here. The approach was to (1) set up the physical equations
applicable to gas/liquid flow processes and gas/liquid interactions, (2) nondi-
mensionalize the equations, and (3) determine a minimum set of paraﬁeters or

groups of parameters necessary to describe the resultant two-phase flow field.

To obtain information of general applicability and to maintain simplicity, two
zones were considered. The first, Zone I, was characterized by interaction be-
tween a gas stream and a single liquid jet. Zone II, on the other hand, involved
interaction between the gas and liquid spray of a two-phase flow field. It was
concluded that the Zone II—type,ambient—pressure cold-flow simulation should be
avoided. 1In other words, cold-flow measurements should be made fairly close to
the injector, near the axial region where spray formation is completed. This
requirement is in accord with existing combustion analysis at Rocketdyne whereby
anaiytical models are relied upon to describe the downstream flow processes and

combustion phenomena.

The dominant parameters for Zone I were indicated to be the injected gas/liquid »
momentum ratio, the dynamic pressure of the injected gasv(pgvg?) and a geometric
scale factor, e.g., the»gas‘jet diameter (Dg). Relative dimensions of other

orifices and their spacing and impingement angles should also match those of the

injector being simulated.

The cold-flow injectors were designed to have the same range of orifice dimensions
as the hot-firing elements they model. It was desirable to produce correlations
applicable to gas/liquid propellant combinations normally employed at mixture
ratios from 5.0 to 15.0; furthermore, the range of interest for (hot firihg) gas
densities and velocities was broad. Thus, even for a given thrust/element level
the simulated hot fifing_oxidizer and fuel injection areas cover a wide range,
e.g., at 5000 1bf (22,200 N) thrust/élement liquid injection areas of interest
vary from 0.16 to 0.41 in.2 éNOS to 2.64 x 10’4 m2) whiie those of the gas vary
from Q.12 to 1.08 in,z'(0.77 to 6.97 x 10_4 m2 . Variations in simulated thrust
per element call for further proportionate changes in orifice flow areas. Design

of a nominal or baseline model injector was generated for each element type and
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average values were selected for the orifice sizes. Parametric changes in these
dimensions during the cold-flow testing were designed to permit interpolation orv
extrapolation of the results for application to specific propellant systems at
specific operating conditions. Because of the importance of varying orifice
sizes, each type of model injector was designed to permit maximum use of inserts

and sleeves,

Impinging Stream Injector Model

As a result of the planned sequence of testing, the first injectors to be designed
were the basic impinging stream types. Simple impinging gas/liquid elements, in
general, involve the spacing of a number (e.g., one for a doublet, two for a trip-
let, etc.) of liquid jets about a central showerhead gas jet. Three configura-
tions of impinging jet injectors were used for the subject (Task II} tests: (1)
pentad, (2) triplet, and (3) unlike doublet. The pentad type was selected as the
baseline impinging jet pattern. The impinging jet injector was designed to facil-
itate changing the number of liquid jets in addition to varying orifice diameters.
Removable orifice tubes of various sizes were held in the injector block with
collet chucks. This enabled simple variation of orifice diameters while maintain-
ing the rigidity required. 1In addition, the actual orifice tubes were designed

to protrude from the'injectof block making it possible to maintain the free stream
length-to-diameter ratio (L/D) approximately constant for both the gas and the
liquid jets. ‘The gas free stream L/D was kept at approximately 2 and the liquid
free stream L/D's were as close as possible to 6. The orifices contained rounded
entrances and an L/D of approximately 10 to obtain repeatable turbulent flow char-
acteristics. These requirements were included to prevent extraneous effects
caused by varying injector hydraulics. A sketch of the impinging injector block

assembly and a collet chuck is presented in Fig. 34.

The atomization test model simulated orifice areas of approximately 50-to 2500-1bf
(222 to 11,100 N) thrust/element injectors, while mixing test model areas corres-
ponded to 500 to 5000 1bf (2220 to 22,200 N) thrust/element. The baseline model
for the atomization tests had a nominal gas-side injection area of 0.27 in.2 (1.74

X 10-4 mz) at the 2500-1bf (11,100 N) thrust/element level. The baseline mixing

R-8361
85



z01d0fuy uwesxls SutButdwy oTseg “pg SInST]

. o
q

S3gani

| ONHY 137100 — 1140
001 | &l \

RE] ;

| ‘
7/ : N\

E:c:..\\ |

R-8361
86



test model was designed with a gas-side injection area of 0.5 in.2 (3.23 X 10_4 m2>

at the 5000-1bf (22,200 N) thrust/element level.
listed in Table 6.

liquid stream was 45 deg (0.79 rad).

TABLE 6

Selected orifice dimensions are

BASIC IMPINGING STREAM INJECTOR ORIFICE DIMENSIONS

For each case the included angle between impinging gas and

Atomization Model

Mixing Model

Gas Liquid Gas Liquid
Orifice Orifice Orifice Orifice
Size Size Size Size
(s (°2) () ()

. Y/ . =2 . -2 . -
in. mx10 in. | mx10 Element Type | in. mx 10 in. | mx10
0.259] 0.658 | 0.067| 0.170 Pentad 0.277| 0.704 |0.084] 0.213
to to to to to to to to
0.8107 2.057 | 0.206] 0.523 0.810) 2.057 0.435{ 1.105
0.584| 1.483 | 0.206] 0.523 Triplet 0.810f 2.057 [0.334| 0.848
0.584] 1.483 | 0.206] 0.523 Unlike 0.810| 2.057 |0.334 0.848

' Doublet

Concentric Tube Injéctor Model

The basic concentric tube configuration permitted variation of liquid orifice

ameter, gas annulus gap, and post recess.

Fig. 35, illustrates how this was accomplished.

A sketch of the injector assembly,

di-

The two removable sleeves plus

the liquid post permitted variation of the gas and liquid injection areas, either

separately -or together.

should have as thin a wall as feasible.

be 0.065 in.

ID for smaller injector elements.

Hot-firing experience indicated the oxidizer

center post
The post wall thickness was selected to
(0.165 X 10_2 mj for a 5000-1bf (22,200 N) thrust/element injector
(0.620 in. or 1.575 x 10_2 m post IDJand was reduced in proportion to the post

Post recess was varied by adjustment of the

post location within its sleeve. Two gas-side inlets were used to minimize flow
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maldistribution in the annular gas injection orifice. In addition, all orifices
contained rounded entrances and an L/D of approximately 15 to obtain repeatable

turbulent flow characteristics.

Specific model orifice dimensions for the basic concentric tube mixing and atomi-
zation tests are listed in Table 7. For the mixing tests, the nominal area for

a 5000-1bf (22,200 N) thrust/element injector was taken as the baseline area, i.e.
0.302 in.? (1.95 x 1074 n?

duced by a factor of 10 (500-1bf or 2220 N thrust/element) for the scaling tests.

) for the liquid orifice area. This area was then re-
The post thickness was set at0.065 in. (0.165 X 10~2 m) for the baseline injector
model and scaled to 0.022 in. (0.056 X 10_2 m) for the 500-1bf (2220 N) thrust/

element model. For the atomization tests, the baseline model areas were selected
based on 1000-1bf (4450 N) thrust/element and also reduced by a factor of 10 for
scale effects tests. The baseline and scaled injectors for the atomization tests
were at a somewhat lower thrust level than the mixing tests, because of antici-

pated atomization (wax) facility limitationms.

TABLE 7

BASIC CONCENTRIC TUBE INJECTOR ORIFICE DIMENSIONS

89

Liquid
Orifice
Size Gas
b Post Annulus Post
( l) Thickness Gap Recess
in. | mx1072 in, mxlO_2 in., |mx1072 in, |mx1072
Mixing 0.620 1.575 0.065 0.165 0.225 0.572 1.20 3.05
Model 0.60 1.52
0.0 0.0
0.206 0.523 0.022 0.056 0.067 0.170 0.38 0.97
0.19 0.48
0.0 0.0
Atomization | 0.277 0.704 0.029 0.074 0.102 0.259 0.54 1.37
Model 0.27 0.69
0.0 | 0.0
0.077 0.196 0.008 0.020 0.031 0.079 0.15 0.38
0.08 0.19
0.0 0.0
R-8361




The concentricity of the gas annulus was maintained by two sets of three fins

spaced 120 deg (2.09 rad) apart, protruding from the liquid posts at approxi-

mately 20 and 60 gap widths from the injector face.

In addition, the con-

centricity of each injector model was maintained (as measured with drill

blanks) to within an approximate 5-percent tolerance.

Concentric Tube With Swirler Injector Model

The concentric tube with swirler injector concept was designed with swirl de-

veloped by two tangential-entry liquid passages into the base of the liquid

orifice.

This (hydraulic swirl) design permitted use of most of the basic’

concentric tube hardware, requiring modification only of the inlet manifold

to the oxidizer post.

This design had an additional advantage in that a

direct comparison could be made between the basic concentric tube and the

concentric tube with swirler injector concepts at constant orifice diameters

and simulated propellant flowrates.

An assembly sketch of the concentric

tube with swirler design is presented in Fig. 36. The primary dimensions for

the mixing and atomization tests are given in Table

TABLE 8

8.

CONCENTRIC TUBE WITH SWIRLER INJECTOR DIMENSIONS

Liquid Gas Swirl
Orifice Annulus Inlet
Séze Post gap Diam;ter,*
( 2) Thickness ( g) ( s
in. |{ m x10~ in. m‘(lO"2 in. |mx10 in. |mx1072
Mixing 0.206] "0.523 |0.022| 0.056 |0.067| 0.170 ]o0.136| 0.346
Model 0.206 0.523 03022 0.056 0.067 0.170 0.086 0.218
0.206 ‘ 0.523 0.022 0.056 0.067 0.170 0.070 ,0'178
Atomization { 0.277 0.704 0.029 0.074 0;102 0.259 0.194 0.493
Model 0.277 0;704v 0.029 0.074 0.102 0.259 |10.136 0.346
0.277 0.704 0.029 0.074 0.102 0.259 0.096 0.244
0.277 0.704 0.029 0{074 0.102 0.259 0.070 0.178
0.277 0.704 0.029 0.074 0.102 0.259 0.055 0.140
*Two inlets used
R- 8361
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The 5000-1bf (22,200 N) thrust/element size was selected as maximum for the
mixing test model as was the 1000-1bf (4450 N) thrust/element size for the

atomization tests. All tests were conducted with the zero recess configura-
tions. Annulus concentricity was maintained as described for the basic con-

centric configuration,

Primary variables for the concentric tube with swirl tests were the liquid
swirl velocity and the gas injection velocity. The former was varied by in-
sertion of variable size swirl tubes, which were held in by Swagelok fittings,
while the latter was to be varied by simultaneously throttling both the gas

and the liquid flowrates.

Impinging Concentric Tube Injector Model

This configuration consisted of four liquid/gas concentric elements (liquid
in the center) impinging on a central showerhead gas stream. The injector
pattern was similar to the impinging concentric injector used under Contract
NAS3-7962 and used in the cold-flow and hot-fire injector study conducted
under Task I of the subject contract. The main difference was the absence
of the recessed cup,which was utilized in these previous studies, and in the

change in the included angle between opposing liquid/gas coaxial tubes.

The impinging concentric design incorporated portions of the basic impinging
stream and basic concentric tube injector designs. The injector block and
collet chuck-type assembly was used for the impinging concentric elements to
facilitate size changes in the liquid/gas coaxial and the central gas injec-
tion tubes. In addition, this made it possible to hold the free stream length-
to-diameter ratio approximately constant for both the gas and liquid jets by
allowing the orifice tubes to protrude from the injection block. The gas and
liquid free stream L/D's were kept at approximately 2 and 6, respectively,
while the orifice L/D's was maintained at approximately 10. The gas/liquid
coaxial tubes were manifolded with a Swagelok tee and Swagelok reducer com-
bination. The degree of concentricity of the coaxial tubes was again main-

tained by the methods used with the basic concentric concept. Adjustable
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supports were added to the injector block to hold the manifolds.

sketch of the impinging concentric design is presented in Fig. 37.

An assembly
The pri-

mary dimensions for the mixing and atomization tests are given in Table 9.

IMPINGING CONCENTRIC TUBE INJECTOR DIMENSIONS

TABLE 9

Gas Liquid Gas
Orifice Orifice* Annulus*
Diameter Diameter Gap p
D D Y ost
g L gj Thickness
in. |m xlO_2 in, | m xl()_2 in. |mx107%| in. mx10"2
Atomization | 0. 460 1.170 0.152 0.386 0.034 0.086 .020 0.051
Model 0.745 1.892 0.152 0.386 0.034 0.086 0.020 0.051
0.319 0.810 0.105 0.267 | 0.011 0.028 .010 0.025
Mixing 0.620 1.575 0.194 0.493 0.060 0.153 .028 0.071
Model 0.930 | 2.362 |0.194{ 0.493 | 0.060| 0.153 | 0.028 | 0.071
0.319 0.810 0.105 0.267 0.011 0.028 .010 0.025

*Four orifices

used

The element sizes for this injector configuration corresponded to about 5000
to 1000 1bf (22,200 to 4450 N) thrust/element for the mixing tests and 2500

to 1000 1bf (11,100 to 4450 N) thrust/element for the atomization tests.

In

all cases, the impinging concentric tube elements contained zero recess.

Tricentric With Centerbody Injector Model

Details for the design of the tricentric-with-centerbody injector concept

were planned so both the annulus gaps and centerbody diameters could be

varied. A sketch 6f the hardware is presented in Fig. 38 and the primary

dimensions for the three mixing and atomization test models are given in
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Table 10. The same model sizes were used for both mixing and atomization

tests, corresponding to approximately 2500 to 5000 1bf (11,100 to 22,200 N)
thrust/element.

Wall thicknesses between annular passages were maintained constant at 0.035
in. (0.089 X 10_2 m) for all configurations tested. Also, a zero recess was
used for all configurations. Each of the annular passages was supplied
through three inlet ports, thereby ensuring a more uniform flow distribution
in each annulus. The degree of concentricity was again kept approximately
uniform by the protruding fin arrangement described in the basic concentric
section of this report. A photo of the baseline model with the 0.25-in.
(0.64 x 1072 m) diameter centerbody is shown in Fig. 39.
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EXPERIMENTAL APPARATUS AND .TEST PROCEDURES

The cold-flow distribution tests were conducted in the Propulsion Research
Area (PRA) and the molten wax atomization (dropsize) tests were made at the
Combustion and Heat Transfer Laboratory (CHTL) at Rocketdyne's Santa Susana
Field Laboratory. Existing facilities were employed; however, a certain
amount of facility preparation was necessary to accomplish the Task II ob-
jectives. A brief description of the existing facilities and the facility
buildup is presented below, along with the test procedures for the respective

flow distribution and atomization test systems.

Mass Flux and Mixture Ratio Distribution Test Facility

Facility Deécription. The cold-flow facility used for the Task II propellant
mixing tests includes two 43-gal (0.163 m3>, 1440-psi (9930 X 103 N/m2) ves-

sels and complete utility and high-pressure 'gas systems. The vessels are
suitable for either water or trichloroethylene use as the liquid flow media.

The testing at this facility is monitored from an adjacent control centér.

The facility has a variety of mass flux and mixture ratio distribution col-
lection and measuring equipment available for cold-flow injector characteri-
zation. The mass and mixture ratio measuring system is capable of sampling
injectors producing sprays up to 10 in. (0.254 m) in diameter. The liquid
sampling system, described under Task I, consists of a 10 by 10 matrix of
100 individual 1-in, (2;54 X 10_2 m) square-ended tubes. The gaseous mass
flux distribution is measured by means of a specially designed impact probe*
described in Appendix A. Gas total pressure profiles are taken along hori-
zontal paths over an area corresponding to the liquid flowfield. In additionm,
the liquid mass distribution can be measured with the impact probe. Local
valleys and peaks in mass flux and mixture ratio distribution can be readily

ascertained within the flowfield.

*This probe also permits collection and measurement of liquid (spray) flows
over a much finer mesh of locations than the 1l-in. by 1-in. (2.54 X 10"21@
square-ended tube matrix.
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Flow system instrumentation consists of five Taber "Teledyne' series-bonded
strain gage pressure transducers, two iron-constantan type J thermocouples,
a Fischer-Porter turbine-type volumetric flowmeter, and a Flowdyne venturi.
Measurements of water tank pressure, venturi upstream and throat pressures,
propellant injection pressures, and gas temperature at the venturi and in-
jector were made. These measurements were recorded on Dynalog direct-inking
graphic recorders. The volumetric flowmeter signals were recorded on a CEC

multichannel oscillograph.

A computer program permits machine calculation of the local mass flux and
mixture ratio characteristics of a specific element or a multiple-element
injector from the raw measurement data. Graphical presentation of the

distribution profiles.can be made by hand or by employment of cathode-ray,

three-dimensional, machine plotting techniques.

To accomplish the test objectives in the most effective manner, several items
were added to the existing facility. The gas/liquid distribution facility

preparation consisted of four subtasks as follows:

1. Improvement of the two-phase impact probe design

2. Design, fabrication, and application of two-phase flow measurement

calibration equipment for the impact probe

3. Fabrication of a two-dimensional traversing mechanism to accurately
position the impact probe for the injector gas flow distribution

measurements

4. Design, fabrication, and checkout of an oxygen sampling system to
determine the amount of air ingestion at any point in the two-phase
flowfield

The first two subtasks, although conducted under Task II, are described in

Appendix A. The latter are described below.
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Two-Dimensional Traversing Mechanism. A two-dimensional traversing

mechanism was designed and fabricated to accurately and reproducibly position
the impact probe in the flowfield generated by cold-flow injectors. A sche-
matic and photograph of the traversing mechanisms are presented in Fig. 40
and 41, respectively. The impact probe was attached to the traversing block
which is positioned by manual rotafion of the two threaded shafts. The me-
chanism 1is capable of reproducibly positioning the impact probe to within

0.020 in. (5.08 x10'4 m/.

The traversing mechanism was fabricated from stainless steel and bronze to
prevent rusting in the moist flow environment. Teflon insert bearings were

employed in each of the four guides which slide over the guide bars.

Oxygen Sampling System. During Task I of the subject contract, it was

found that if gas mass flux distribution measurements were made at ambient
conditions, the mass of ingested air may be quite significant. Consequently,
a measurement of the ingested air at the measurement plane was necessary to
define the distribution of the injected gas. The oxygen concentration was
determined at each measurement point to determine the amount of air ingested.

A schematic of the subject system was shown in Fig. 42.

The gas sample to be analyzed for oxygen concentration was drawn through the

impact probe as illustrated in Fig. 42.. The system was designed so that the

previous gas sample would be purged with a vacuum pump from the system before
a new gas sample was drawn into the sample chamber. The oxygen concentration
in the sample chamber was measured by a commercially available Beckman Model

715 oxygen monitor. Because the instrument measured the partial pressuré of

the oxygen in the gas sample, it was necessary to measure the total pressure

of the gas sample to determine the oxygen concentration. The pressure in

the sample chamber was measured by a MKS Baratron pressure meter whose output

was recorded by direct readout,

Checkout tests on the oxygen sampling system revealed operating procedure

problems in measuring the concentrations of entrained air. It was found that
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excessive moisture in the sample chamber affected the instrument's readings.
In addition, the Baratron pressure meter was affected by moisture contamina-
tion. . These problems were solved by the addition of water condensation traps

upstream of the oxygen sampler and pressure meter (Fig. 42).

Mixing Test Procedure. For all tests, gas flow distributions were measured

over the maximum area where measurable dynamic pressure readings could be
obtained. Simultaneous liquid flow collections were acquired at each of
these (closely spaced) points. When the injected gas and liquid flowfields
coincided, no other measurements were necessary. In other cases, the liqgid
spray fields expanded enough to require additonal liquid flow measurements
outside the gas flowfield, which were obtained with the 10-in. by 10-in.
(0.254 x 0.254 m) collection grid. Both methods of data acquisition are

described beiow.

Gas and liquid measurements made with the impact probe were accomplished as

follows:

1. The liquid tank and gas venturi were pressurized to give the desired

flowrates.

2. The impact probe was positioned in the two-phase flowfield with all

valves closed.

3. The probe purge valve (No. 6) was opened to allow a GN2 purge through
the probe.*

4. The vacuum pump was turned on (valve No. 4 closed).
5. The injector liquid and gas main valves were opened.

6. After flowfield stabilization, the probe purge valve was closed,

turning on a timer which was slaved to the probe purge valve.

7. Valve No. 1 was opened allowing the gas stagnation pressure to be

measured,

*The GNZ purge going through the probe allowed the overall flowfield to
stabilize with no probe spray collection
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8. Valve No. 1 was closed and valves No. 2, 3, and 4 were opened allow-

ing the vacuum pump to purge the oxygen sampling system.

9. Valve No. 4 was closed and the injected gas sample was allowed to

fill the oxygen sample chamber.

10. Upon reaching steady-state conditions in the oxygen sample chamber,
valve No. 2 was closed and the chamber pressure and oxygen content

were recorded from the Baratron and oxygen analyzer, respectively.

11. Valve No. 3 was closed and the probe purge valve was opened, thus

turning off the timer.
12. The liquid and gas main valves were closed.

13. Valve No. 5 was opened and the liquid from the water accumulator
was drained into a graduated cylinder. The volume of liquid and

the flow duration were recorded.

14, The probe was moved to a new position.

The probe positioning was somewhat different with the impinging vs the
concentric-type injectors. The initial probe position for both concepts

was the geometric center of the injection area. The symmetry of the con-
centric element flowfield permitted a less extensive array of measurement
locations; i;e., the-grid for the concentric elements consisted of one ray
with a 0.1- or 0.2-in. (é,54 or 5,08 x 10—3 m) spacing between probe posi-
tions, depending on the flowfield size. Some symmetry is retained with the
impinging-type injector concepts; e.g., each quadrant with a pentad (each half
with an unlike doublet) should be symmetrical about the appropriate center-
- lines. Therefore, the collection grid for the impinging pentad* injectors
consisted of one quadrant with 0.2-in. {5.08 X 10"3 m) épacing between probe
positions. These data were then analytically mirrored into the other three.
quadrants. For bOth the -concentric and impinging-type injectors, spot meas-

urements were made to verify the assumptions of symmetry.

*The sample grid for the unlike doublet covered two quadrants.
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Different collection distances were also used for the concentric and imping-
ing injector investigations: 5-in. (0.127 m) collection distance with im-
pinging and 3-in. (0.076 m) with concentric. These distances were chosen
because prior analytical experience and photography indicated that they
represented a good approximation of the primary propellant mixing region

during combustion,

When the 1-in, (2.54 X 10_2 m) grid liquid collection measurements were made,
the following procedure was used. The liquid and the gas systems were pres-
surized to give the desired flowrates. The main valves were opened and after
injection pressures had become steady, a pneumatically actuated shutter was
opened over the grid for a selected time interval and then closed. The main
valves were then closed to conclude the test run. Time intervals were between
15 and 30 seconds for all injectors tested. The data recorded for each test
included oxidizer and fuel simulant flowrates, injection pressures, flow dura-
tion, and the volume of oxidizer simulants collected in each of the 100 col-
lection tubes. Volumetric measurements were obtained by use of graduated

cylinders.

Atomization Test Facility

Facility Description. A previously existing wax flow facility (Fig. 43) was

used, developed primarily for liquid/liquid injector dropsize measurements.
The overall system consisted of two molten wax tanks, one hot water tank,
pneumatic control valves, and a thermostatically controlled oil bath vessel

in which the wax and water tanks are immersed. Associated flow and collection
equipment included Taber injection pressure transducers, turbine (liquid)
flowmeters, a particle collector, and a particle catch basin into which the
wax particles were washed from the particle collector. The hot oil bath is
electrically heated by means of a 30-kw (30 X 103 watts) thermostatically
controlled heater and an electrically operated pump which circulates the oil
from the oil bath container through the heater and back again to ensure uni-

form temperature. In addition, hot oil is forced through the jacketed run
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lines and valve to ensure that the wax does not freeze prior to injection.
Each wax flow line (one from each tank) has three parallel line sections;
each containing a flowmeter, a thermocouple, and a hand shutoff valve. A
wide range of flowrates can be obtained by opening the hand shutoff valve

leading to the flowmeter spanning the correct flowrate range.

A deflector tube (shutter) is used between the injector and the particle
collector, which ducts the injected streams away from the collector until
steady-state injector flow conditions are established. The deflector tube
is moved by the use of a high-speed pneumatic actuator for the duration of
the run and is replaced prior to simulant cutoff, thus eliminating wax

particle collection during start and cutoff transients.

The particle collector is an 18-by 50-ft (5.5 x 15.3 m) epoxy-coated wooden
platform which slopes gradually toward the center of the platform and away
from the injector. The entire platform is located under a semi-enclosed
structure which shields the collection area from wind currents which might
cause the smaller particles to be blown away. The slope of the particle
collector causes the wax droplets to be directed into a relatively small
particle catch basin when the impact surface is washed down with water.

The catch basin has several baffles to ensure that none of the wax particles

are washed overboard.

To accommodate the testing of gas/liquid injector elements, a gas simulant A
system was installed as shown in Fig. 44. The gas simulant was heated to a
temperature above the wax melting point to prevent freezing of the molten

wax streams before atomization was completed. Gas heating was accomplished

using a 30-kw (30 X 103 watts) Chromalox circulation heater.

Gas could be supplied and regulated from two separate sources to provide
flexibility in the choice of simulant gas. The temperature and pressure
were measured upstream of the venturi flowmeter and the static pressure at
the venturi throat was monitored to ensure that sonic flow was established.

Gas injection pressure and temperature were also measured.

R-8361
109



(@) | P——

500 P37 8.D,
(345 x 10% N/m?

500 PSI B.D.
(345 x10% N/m2>

-

INTJECTOR, AVAl=

T HEATER @
R,
L

. YENTURL

(

iso Ps1 B.D,
(105 x 10* N/n?)

Figure 44, Schematic of Atomization Hot-Gas Supply System

R-8361
110



Atomization Test Procedure.. The procedure followed for the atomization tests

was as follows:

1. The oil heater, used to heat the wax tanks and lines, was turned
up to normal operating temperature and the entire wax flow system

was heated above the melting temperature of the test wax.

2. The injector element was installed on the wax flow facility and
oriented so that the wax spray created by the injector would enter

the deflection shutter (up position).

3. After installing the required gas venturi, the heated GN2 flow was

established to heat the gas lines and injector manifold passages.

4, 1If the test gas was other than GN,, the appropriate gas bottle bank

2’
was readied and short-duration flowrate checks were made,

5. The wax particle collection platform was cleaned by washing it down
with water and a water sheet was established over 1/3 of the plat-
form where the particles were expected to impact (to prevent

sticking).

6. After selecting the required flowmeter, the wax tanks were pres-
surized and short-duration wax/gas flows were made into the shutter
to determine the wax tank pressure and hand valve settings required

for the desired wax flowrate.

7. The gas main valve was opened after which the wax main valve allowed

both simulated propellant to flow into the deflection shutter.

8. The pneumatically actuated deflection was dropped after both flow-
rates were established and the wax particles were injected over

the collection platform for from 3 to 20 seconds.

9. The deflection shutter was raised and the wax and gas main valves

were closed.
10. The tanks were depressurized.

11. The particles were then washed with water from the particle impact

surface into the particle collection vessel.
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12,

13,

14,

15,

16.

The particles were scooped from the surface of the water in the
particle collection vessel and placed in a large plastic bag for

temporary storage.

A 50-g (So X 10"3 kg) sample of particles was placed in a Buchner
funnel and subjected to suction for removal of water which has
adhered to the particles during the particle impact surface

washdown,

After the particles had been partly dried by suction, they were

removed from the Buchner funnel and placed in a vacuum chamber

for a period of at least 48 hr @73 X 103 sec) to ensure that the

particles were completely free of water,

After drying, the particle sample was sieved. A series of 23
standard testing sieves ranging in size from 53 to 2380 u (53

to 2380 x ].0"6 m) was available. For any particular sample, only
12 of the sieves were used, the particular sieve sizes used de-
pending upon the anticipated size range. The particular sampie
of wax (usually 10 g or 10 x 10_3 kg) was placed on the largest
screen of the selected set of twelve sieves. The sieves were
shaken on a RO-TAP automatic sieve shaker for 30 min (1800 sec),
during which time the shaking was stopped énce every 6 min (360
sec) to release any particles which became wedged in the sieve

screens.

After the siéving operation was completed, the mass of particles -
retained on each sieve was weighed on an electric balance. A
total recovery of 95 to 98 percent of the mass originally intro-

duced into the sieves was possible.

- Because of the high gas velocities involved, the testing of large thrust per

element gas/liquid injectors raised concern about the ability‘of'the wax

collection platform to capture a sufficient percent of the injected wax par-

ticles. To investigate this problem, a check was made on the percent of
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injected wax that was retained on the collection platform and subsequently
recovered. The test results showed that over 96.5 percent of the wax sample

was collected.

Normally only a portion of the collected wax particles were sieve-analyzed,
To validate this procedure, multiple samples were obtained for the same test.
Dropsize analysis showed differences of less than 2 percent in the entire

dropsize distribution curves from these multiple samples.

Atomization Facility Checkout Tests

Under the subject program, the molten wax technique of modeling the atomi-
zation characteristics of rocket injectors was applied for the first time

to gas/liquid injectors. A brief test series was run to evaluate the facil-
ity capabilities with regard to modeling moderately large thrust, gas/liquid
impinging jet elements, Analysis of the data generated in these tests also
provided some preliminary indication of the parametric influence of gas
velocity and density. Four tests were conducted using a gas/liquid imping-
ing doublet; three with a triplet, and two with a coaxial element. Table 11
summarizes the more significant operating conditions and the measured mass
median dropsizes for these nine tests. Results indicated the limits of the
facility capabilities to be a function of the wax flowrate and the dropsize
distributions‘attained by the individual injector. No problems were en-
countered with the thrust-per-element sizes in the 2500-1bf (11,100 N) range
for the impinging jet injectors and the 1000-1bf (4,450 N) range for the co-
axial injectors, Still larger elements can be accommodated if they are rela-
tively good atomizers and provide droplets small enough <é.g., D ~ 1000 u or

10'3 m) to freeze prior to contact with the collection surface.

As a secondary result of these checkout tests, some initial indication of
dropsize effects to be expected with various injectors was obtained and
served to aid the planning of the Task II test matrices. The gas vélocity
influence on liquid dropsize observed in these checkout tests was similar

for all three injector element types. The influence of gas density is
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illustrated in Fig. 45, in which D, obtained from the impinging gas/liquid
unlike doublet tests, is plotted against gas velocity for both nitrogen and
helium gas tests. As expected, poorer atomization was obtained with the
lighter gas at a given gas velocity. Another method of presentation was
suggested by a consideration of the general differential equations governing
interaction between a gas stream and a single liquid jet. A characteristic
parameter obtained in this manner was the gas momentum flux (pgvgz). In

Fig. 46 the helium and nitrogen test data for the unlike doublet element are
correléted by a single straight line when the median dropsize is expressed

as a functi??sof pgvgz. For this injector, median dropsize is proportional

2
to Vv o -
(pgg>
DATA REDUCTION PROCEDURE

As mentioned in the Task I analysis, the performance analysis approach used
requires evaluation of two principal modes of performance losses: (1) in-
complete propellant spray vaporization and (2) imperfect mixing of fuel and
oxidizer. The cold-flow tests simulating each of these modes will be des-
cribed in a subsequent section. The reduction of these data into a form
from which quantitative comparisons may be made of both vaporization and

mixing losses is described in the following sections.

Propellant Atomization Test Data

The raw data obtained in an atomization test included the sieved dropsizes
and the mass of wax particles retained on each of the 12 sieves used. These
data were then converted into terms of the total (cumulative) fraction of
mass. An examples of the results from this operation are shown in the char-
acteristic "S" curve presented in Fig. 47. This cumulative weight fraction
versus particle diameter was curve fit by an IBM-360 computer program into
a simple fourth-order polynomial. Then a particle size mass mean dropsize
can be calculated with a cumulative weight fraction equal to 0.5. This mass
median particle diéméter_(ﬁj was used to nondimensionalize the array of par-

ticle diameters, thereby yielding a curve of the cumulative weight fraction
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versus D/D, i.e., the spray distribution function. The spray distribution
function and the mass median dropsize were directly input, along with appro-
priate thrust chamber design and operating parameters, to the vaporization
limited combustion model described in Ref. l and 2, and subsequently a pre-

dicted vaporization efficiency was_obtained.
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Figure 47. Typical "S" Curve for Dropsize vs
Cumulative Weight Fraction

Propellant Distribution (Mixing) Test Data

‘Direct experimental cold-flow mixing data consisted of (1) the volume of
oxidizer simulant (liquid) collected in each collection area, (2) the test
duration, (3) the gas stagnation pressure in each collection area, and (4)
the oxygen (ingested air) content of the collected gas in each collection
area. These data were processed by an IBM-360 computer to produce the fol-
lowing output: total mass flux:of oxidizer, total mass flux of fuel, collec-
tion efficiency for both oxidizer and fuel, mixture ratio and mass flux for
each measurement location, the mixing factor (Em)’ and the predicted‘c* ef-

ficiency, n_, . . (The latter was based on a selected propellant combina-

c*mix
tion, overall mixture ratio and chamber pressure.) The following sections

describe the process by which these outputs were calculated.
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Oxidizer (Liquid) Mass Flux Calculation. Liquid collection measurements were

made by (1) the impact probe, which could be positioned anywhere in the 10-
by 10-in. (0.254 x 0.254 m) collection surface, and (2) the 10 x 10 matrix of
l1-in. {2.54 x 10'2 m) square collection tubes. The local liquid flowrates
were calculated by dividing each local measured mass of liquid collected by

the flow duration.

For all concentric type injectors, the flowfield was considered symmetrical*
about the geometric center of the injector, and the liquid flux measured by

the probe (WQ/A ) was assumed to be constant in the annular zone deter-

mined by the ragizgeposition of the probe. For each concentric injector
element test, the measured liquid mass was integrated over the flowfield and
divided by the total mass injected to determine a liquid collection efficiency.
This ranged from approximately 70 percent to 130 percent. The local liquid
floﬁrates were then corrected by the necessary factor to make the total inte-
grated flow equal to the iﬁjected flowrate (as measured by the turbine

flowmeter).

For the impinging-type injectors, the liquid was collected by the probe and
by the l-in. (2.54 x 1072 m) grid. The 1l-in. (2.54 x 10"%n ) grid liquid
collection efficiencies were all approximately 90 to 100 percent so no nor-
malization to the injected flowrate was made. A grid spacing smaller than
1 in. (2.54 X 10-2 m) was required for data reduction in areas encompassed
by the two—phése flowfield. Therefore, in these areas, the liquid mass col-
lected by the probe was measured over a nominal 0.2-in. {0.508 x 10-2 m
grid spacing, which is the same as used for the gas stagnation pressure.

- Again the local liquid flowrates were determined by dividing the collected
mass by the flow duratiop, integrating over the flowfield and correcting

for the collection efficiency.

Fuel (Gas) Mass Flux Calculation. A gas stagnétion pressure probe was used

to measure the gas impact pressure and thereby determine the gas flow distri-

bution in the two-phase flowfield produced by an injector. The development

*This assumption was verified by spot checks in each test.
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of this probe is described in some detail in Appendix A of this report.

The technique required measurement of the gas total pressure profiles over
the selected matrix of positions in the collection plane. The collection
"grid" consisted of annular zones for the concentric injectors and a 0.2-in.
(0.5 x 10_2 m) square grid spacing for each of the impinging injectors. Since
the measured total pressures included some variable (e.g., 5 to 10 percent)‘
"overpressure,' depending on the local mixture ratio, an iterative method of

data reduction was necessary. This method is described as follows:

Assuming that the static pressure across the flowfield was constant and equal
to the atmospheric pressure, each local Mach number was determined utilizing

the following equation:

i

1/2

01

where
Poi = measured total pressure at location i
P .= static pressure
Y = specific heat ratio

The local gas density and velocity was then calculated by use of the gas
injected stagnation temperature (measured just upstream.of the injector) and

the following equations:

- Y-1 .2

T—To/(l-zM) (7)

p = P/RT (8)

V=M gcyR (9)
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where

T = static temperature

To = stagnation temperature

R = universal gas constant divided by the gas molecular weight
V = gas velocity

p = gas density

The gas flowrate can then be determined with the corresponding gés flow area.
Since the total volume of the liquid was small compared to the gas volume
(e.g., at a mixture ratio of 10 this ratio is approximately 0.01), the area
taken up by the liquid was ignored and the flow area for the gas was equated
to the probe inlet crposs-sectional area., This resultant flow was assumed

constant over the small grid area (nominal 0.2 in, or 0.508 x 10-2 m .

The gas flowrate in each gfid tube was then combined with the local liquid
flowrate in that tube to obtain the local mixture ratio. An overpressure
ratio was then calculated from the experimental calibration curve presented
in Appendix A. This yielded a new corrected gas stagnation pressure and gas
flowrate. The process of calculating the gas flowrate was repeated uhtil less
than a 1l-percent change in the calculated gas flowrates occurred. This compu-
tation was aéCOmplished with a simple computer program and the iteration con-

verged rapidly.

A two-phase stream expanding in ambient air will ingest significant quantities
of the surrounding medium. Thus the local gas flowrates determined according
to the preceding paragraph were comprised of both the injected fuel simulant
(GNZ) and air. To distinguish between them,'the oxygen contént of the col-
lected gas was measured at every collection point. Assuming standard air as
the ingested medium, the oxygen content allowed the fuel simulant flowrate to
be determined in each measurement location. These 1ocai‘gas flowratés were
then integrated over the collection plane to determine the gas collection
efficiency (Wcollected>/{winjected}’ where w, was measured by the ven-

injected
turi flowmeter in the feed line. Fuel (gas) collection efficiencies ranged
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from approximately 50 to 180 percent. The local fuel simulant flowrates were
then corrected by the necessary factor so that the integrated sum across the

flowfield equaled the injected flowrate.

An effort was made to improve the variance in gas collection efficiencies,
but this was not achieved within the limited available expenditure of time
and effort.* Upon repeat tests, however, measured mixing efficiencies and
flow profile shapes were repeatable. Also, as described in the following
section, consistent and physically reasonable parametric trends in gas/liquid
flow distribution and mixing were observed. These results indicate that the
measurements provided an accurate assessment of relative gas flow distribu-

tion, in spite of the variance from the overall injected flowrate.

Mass Flux and Mixture Ratio Distribution. As described above, for each test

the local oxidizer and fuel simulant flowrates were determined over a matrix
of locations covering the measured flowfield. These measured flowrates were
then input to a simple computer program where they were converted to the simu-
lated hot-fire propellant flowrates and subsequently prepared for several
modes of display. For concentric injectors the cold-flow injected mixture
ratio matched the simulated hot-firing mixture ratio; however, for impinging

type injectors the liquid penetration parameter was simulated instead

[(Xp/Dg)cold—flow - (Xp/Dg)hot—fire]'

The computer printout includes a tabulated matrix of the experimental data

(converted to actual propellant flowrates) which specifies the local mass

*Gas-phase-only tests provided a successful mass balance. With two-phase
flow, some improvement was achieved by measuring the flowfield at 5 in.
(0.127 m) rather than 3 in. (0.076 m) from the injector and, partially for
this reason, the Task II mixing test matrix was run with a 5-in. (0.127 m)
collection distance. Possible reasons for the imbalance include (1) recir-
culation and ingestion of GNp-rich air, (2) low-velocity gas flow outside
the measurement zone, and (3) intermittent, partial probe flooding under
high mixture ratio, low gas velocity flow conditions. The latter was the
most probable cause of "overcollection.'" Indication was that a small bleed
flow through the probe may substantially alleviate the flooding problem and
permit more accurate gas-phase mass balances.
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flux of each propellant, the local mixture ratios, and the total propellant
mass fraction over each measurement area. The resultant propellant mass and
mixture ratio distributions can be graphically displayed in several ways.
With the concentric type injectors, a convenient form of graphical display
is the mass flux (fuel, oxidizer, or total) plotted against the radius along
a selected ray passing through the center of the flowfield (Fig. 48). A
second method of graphical data presentation suitable for any injector type
is the contour plot. These were obtained for each impinging injector test.
An example of this plot is presented in Fig. 49. Individual grid lines repre-
sent contours of constant variable {(i.e., mass flgx, mixture ratio, etc.)
magnitude such as do elevation grid lines on a topography map. Tables are.
provided on the side of each such plot to indicate the Quantitative value of
the contour lines. A key number located on each contour of the matrix co-

ordinate defines the range of values represented by that contour.

Mixing Factor and Predicted Mixing Efficiency Calculation. The flow profiie

and contour displays provided detailed qualitative information regarding the
fuel gas and liquid oxidizer (spray) flow distribution. For quantitative
measure of how well the injectors mix the propellants, a data reduction com-
puter program was designed to calculate a mixing factor'(Em) which is an- index
that defines the mass weighted deviation of local mixture ratio from the in-
itially injected overall mixture ratio. The index <Eﬁ),was developed by Rupe
(Ref. 4 ) and is defined below. ‘

T
i

R-1 (10)

N (R - T, ) (R' - ’r‘l)
1 '.2 MF ————— 2 MF, 3% | 100

where

I
1l

mixing index

MF

it

mass fraction in the streamtube* (summation of streamtube covers

the area's flowfield)

*Refer to preceding section to illustrate the method of obtaining streamtube
mass fractions from measured data
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R = ratio of total oxidizer mass to total oxidizer and fuel mass

r. = 7ratio of oxidizer mass to total oxidizer and fuel mass in an

individual streamtube for ri <R

r, = ratio of oxidizer mass to total oxidizer and fuel mass in an
individual streamtube for ri >R

A mixing-limited combustion efficiency ((ncg ) was also calculated for

each test using a simple streamtube '"mixing mzézl.” The mixing model con-
siders an idealized rocket engine containing a number of individual stream-
tubes. Each streamtube at its own mass and mixture ratio is allowed to
expand isentropically through the chamber and nozzle without heat or mass
transfer to adjacent streamtubes. The c* efficiency due to mixing (nc*)mix>
is determined by summation of individual mass weighted c¢* contributions of
each individual streamtube and comparing the total to that theoretically

attainable at the injected mixture ratio.

Correction factors for changes in specific heat ratio as a function of mix-
ture ratio may be applied. However, if the effect of y variation on the
sonic point for each individual station can be neglected, the mixing Nox

can be expressed simply as

N
% MFie%s
. = —_—— 11
_(nc*) mix c*theo (11)
where
MFi = the mass fraction in the individual stream being considered
c*i = theoretical c¢* corresponding to the mixture ratio of the
’ local stream
C*theo = theoretical c* corresponding to the overall mixture ratio
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Unlike the Em computation, evaluation of (nc*)mix requires specification of
the simulated hot-firing propellant combination, the overall mixture ratio,
and the chamber pressure. This information is essential to evaluate the
theoretical characteristic velocities and makes the calculated values appli-
cable only to the specified propellants. Of course, the raw experimental
mixing data may be subsequently reused with alternate propellant systems to
provide appropriate (nc*> mix’

For tests utilizing the concentric injector elements, the mixing factor and
predicted mixing efficiencies were calculated directly from the measured oxi-
dizer and fuel simulant local flowrates. In contrast with the concentric in-
jectors, large gas/liquid impinging elements in open-air cold-flow tests
normally produced liquid spray fields which expand beyond the accompanying
gas flow patterns. Based on such flow behavior, relatively low values of

Em and mixing efficiency would be predicted, Hot-firing tests, however
(e.g., those under Task I of the subject contract), have shown large-scale
impinging and impinging coaxial injectors capable of producing good propel-

lant mixing with (nc*) as high as 95 to 99 percent. The principal reason

for this improvement iﬁlﬁixing under hot-firing conditions is believed to be
recirculation of fuel-rich gases out of central low-mixture-ratio zones of

high gas flowrates and into the outer spray-rich zones. Other previous evi-
dence of recirculation in hot—firing'tests is discussed in Appendix D. As a
result, a simple recirculation model was formulated to partially redistribute
the flows measured in cold-flow tests of impinging-type injectors, permitting
a calculation of E, and (nc*)mix'
pendix D. All Task II impinging injector mixing data were reduced using

The model is described in detail in Ap-

this recirculation model prior to calculation of the corresponding Em and

(nc*)mix'
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COLD-FLOW CHARACTERIZATION TESTS AND RESULTS

Cold-flow testing, using propellant simulant fluids, was conducted to deter-
mine the propellant dropsizes and the mass and mixture ratio distributions

for various single element gas-liquid injector concepts. The element types
tested included basic impinging, basic concentric tube, concentric tube with
swirler, impinging concentric tube, and the tricentric with centerbody con-
cepts described earlier in this report. Mixing of the propellant simulants
was measured by direct collection of the liquid spray and by use of a two-
phase impact probe to measure gas velocity profiles. The molten wax technique

was applied to determine atomization characteristics.

Approximately 120 cold-flow tests were conducted, about equally divided be-
tween the atomization tests and propellant mixing tests. Essentially the
same sets of variables were investigated in both propellant mixing and
atomization tests. The principal design and operating variables included the
liquid-gas penetration parameter (Xp/Dg), the gas momentum flux (pgvgz),
geometric scale (indexed, for example, by Dg), relative gas-liquid orifice
size ratios, gas-liquid velocity differences (Vg - Vz), mixture ratio, and
several parameters specific for particular element types such as the number
of liquid jets surrounding (and impinging with) the central gas jet, coaxial

element post recess and swirl velocity.

The results of these tests are presented in the following subsections. It
should be noted that these Task II experimental tests cover numerous injec-
tion element types and a large number of variables. As a result, this first
extensive cold-flow evaluation of gas-liquid injectors was, by nature, ex-
ploratory with the prime consideration being prediction of the relative signi-
ficance and trends associated with various design and operating parameters.

In order of presentation the test series and experimental parametric correla-
tions of mass median dropsizes (ﬁ) and Rupe mixing factor (Em) are first
described sequentially for each kind of injection element. These two param-
eters are convenient single indices of atomization and mixing quality, respec-

tively. They do not tell the entire story, however, because dropsize
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distribution (about B) and detailed mass and mixture ratio (spatial) di$tribu-
tion must also be known to fully evaluate an injector. These latter data are

discussed in subsequent subsections.

Cold-Flow Median Dropsizes and Mixing Factors

Basic Impinging Stream Cold-Flow Tests. Seventeen atomization and seventeen

mixing cold-flow tests were conducted with this injector concept. These tests

and the results are described below.

Atomization Tests. Seventeen cold-flow atomization tests were conducted

with the basic impinging stream injector. A summary of the test operating
conditions and resultant median dropsizes is given in Table 12. Primary.
variables for these tests were initially expected to be the number (N) of
liquid orifices impinging on the central gas orifice, the element size (Dg),
gas momentum flux (pgvgz), and the liquid-gas penetration parameter (X /Dg).
To vary XP/Dg with a fixed gas density it was necessary to change either
mixture ratio or DQ/Dg‘ Accordingly, the first six tests were designeqvﬁo
investigate the possible independent influence of mixture ratio (MR) and/or
liquid-to-gas orifice diameter ratio (DZ/Dg) on the dropsize distribution.
Thus, the primary variables mentioned above were held constant in these tests.
These data are presented in Fig. 50a and b. The mass median dropsize appeared
to be strongly affected by the liquid-to-gas diémeter ratio (Dl/Dg) in-these

curves, but influenced weakly, if at all, by mixture ratio.

Based on these results, DQ/Dg was added to the list of controlling paraméters
and subsequent tests were conducted to obtain parametric effects of the pene-
tration parameter, XP/Dg, by varying mixture ratio at constant Dz/Dg. Rgsults
of these tests with a pentad (N = 4), triplet (N = 2), and unlike doublet
(N = 1) injector are illustrated in Fig. 50c. For the pentad injector the
mass median dropsize is seen to be independent of Xp/Dg in the 0.3 to O.§
range. The apparent liquid-liquid interaction resulted in appreciably larger

dropsizes for XP/Dg > 1; however, although only two points were obtained with
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the triplet injector, a behavior similar to the pentad atomization character-
istics is suggested. To the contrary, the unlike doublet results exhibited
little or no variance with liquid penetration parameter. This was as ex-
pected since it cannot have any liquid-liquid impingement. It should be
noted that the gas dynamic pressure (pgvgz) was held nearly constant in these
tests, so, for a constant penetration parameter and constant gas flowrates,
less liquid flow was injected with the unlike doublet than the triplet and
less with the triplet than with the pentad injectors. Thus, the Fig. 50c
curves do not necessarily imply superior atomization levels with the unlike
doublet injector under usual design requirements where the liquid-gas flow-

rates are specified.

The influence of pgvg2 on mean dropsize is shown in Fig. 50d for constant
Dz/Dg, Xp/Dg, and element size. For the pentad injector and for the applica-
ble range of operating conditions, the mass mean dropsize is proportional* to
2,-1/4
\' .
(ogg)
the highest gas momentum flux used.

A photograph (Fig. 51) visually illustrates the spray field of

The influence of scale, or element size, on mass mean dropsize for the pentad
element is also shown in Fig. 50d for constant diameter ratio, penetration
parameter, gas momentum flux, and mixture ratio. Note that as the thrust per
element decreased from on the order of 5K to 0.5K 1b (22,200 to 2220 m) the
mass median dropsize attained was decreased by a factor of two. However, the
limited data available indicated this influence of scale to be nonlinear as

can be seen in the figure.

The overall effect of geometry (fuel and oxidizer orifices sizes) on D is seen
most readily in Fig. 52. In this figure, pgvg2 is constant for all data

points and Xp/Dg was within a range (see Fig. 50c) where it did not affect 6.

*This must be qualified in that p_ was not varied independently. This tenta-
tive conclusion is based on the previously discussed tests with a gas-liquid
doublet whereby pgvg2 effectively correlated D dependence upon both pg and

V..
g
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These curves were obtained by combining and cross-plotting the DQ/Dg and the

scale (Dg) parametric data. Specification of any two of the indicated param-
eters (Dg, DQ/Dg’ Dg) is, of course, sufficient. In order of geometry param-
eter influence DZ > DQ'/Dg > Dg SO DR with Dl/Dg is probably the most suitable

pair.

Mixing Tests. Operating conditions for the 17 propellant mixing tests

which were conducted with basic impinging elements are given in Table 13.

The first five tests were conducted using a collection distance of 3 in. (7.6
X 10—2 m). In attempting a mass balance on each of these runs, significantly
more gas flowrate was measured than was injected (see Appendix A). Because

of the somewhat better gas mass balances at a 5-in. (12.7 x 10—2 m) collection
distance, the subsequent mixing tests with all impinging injectors were con-

ducted at this distance.

The results of the basic impinging element mixing tests are presented below
in terms of the mixing factor, Em. As described in the Data Reduction sec-
tion, the experimental gas and liquid flow distribution data were input to

the simple recirculation model (Appendix D) to obtain these values of Em'

Six tests were conducted to investigate the two parameters DQ/D and XP/Dg
for the pentad injector at constant scale (Dg) and gas momentum flux. DR/D
effects are best seen in Fig. 53a, where Em is seen to decrease gradually
(with constant Xp/Dg) in the range of Dl/Dg = 0.17 to 0.4, and then rapidly
as the diameter ratio is further increased. Figure 53b illustrates the depen-
dence of Em on Xp/Dg. A continual Em rise is seen up to about X /D = 1.0.
Two data points for the gas-liquid doublet (N = 1) suggest a similar trend
although at Xp/Dg = 0.7 and DQ/Dg = 0.41 the doublet Em is somewhat higher

(85 percent) than that of the pentad (77 percent). The remaining parameters
investigated were the gas momentum flux and scale. Results from varying each
of these parameters individually at'constant Xp/Dg, Dz/Dg, and mixture ratio

are presented in Fig. 53c and 53d.
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All 17 mixing tests except for two of the points (runs 14 and 15) presented

in Fig.@ﬁ ¢ were conducted with an injected gas momentum flux of approximately
14.8 psi (10.2 x 104 N/mz). However, as the injected gas momentum flux was
decreased from this range to 6.0 and to 1.6 psi (4.1 and to 1.1 x 104 N/m2)
the ratio of the measured-to-injected fuel (gas) flowrates increased substan-
tially beyond the tolerable limits. This was attributed to local probe flood-
" ing and was alleviated in later tests by producing a small positive bleed
through the probe. However, data from runs 14 and 15 are highly questionable

and no curve can be drawn through the points in Fig. 53c.

An additional point which is subject to question is plotted with a dashed
symbol in Fig. 53d. This figure illustrates the effect of scale on mixing
factor. The low value of E at the smallest scale cannot be easily explained.
One possibility, however, is-that the impact probe was too large to adequately
investigate the flowfield resulting from the smallest scale tested (D_= 0.277
in. or 0.704 x 10_2 m) and thus the corresponding data point may be iﬁvalid.
It should be noted that this was the only test made with this small injector

element.

In a manner similar to that used with dropsize correlations (Fig. 52), Em is
shown in Fig. 54 as a function of both geometric parameters (scale and diam-
eter ratio) using data from Fig. 53a and 53d and with constant p V 2 and

g8
XP/Dg for the pentad element.

Basic Concentric Tube Cold-Flow Tests. Twenty atomization and twelve mixing

experiments were made with the basic concentric tube injector concept (Fig.
35). Variables which were investigated included gas velocity, mixture ratio,
the ratio of post recess to the central (liquid) orifice diameter, and scale

(element size).

Atomization Tests. Operating conditions for the atomization tests are

given in Table 14 along with the median dropsizes attained. The initial tests
were conducted at constant scale and at a constant mixture ratio of approxi-

mately 10.0. The post recess was varied by changing the length of the liquid
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orifice post, while the gas-to-liquid velocity difference was varied by pres-
sure throttling. The results of these experiments are presented in Fig. 55b,
where the mass median dropsize is plotted as a function of the post recess-to-
liquid orifice diameter ratio and the gas-to-liquid velocity difference. Re-
sults show, as expected, the dropsize to be a strong function of post recess-
to-liquid orifice diameter, with the dropsize decreasing when the recess ratio
is increased from 0.0 to 2.0 liquid diameters. The gas-to-liquid velocity
difference exerted a similar effect over the range tested, with the higher

gas velocities resulting in smaller mean dropsizes.

Tests were subsequently conducted similar to those mentioned above, but at a
lower and higher constant mixture ratio. Results from these are presented

in Fig. 55c¢ for mixture ratios of 5.85 and 13.3, respectively. The effects

of varying post recess and velocity difference were similar to those

described in Fig. 55b. Note, however, that in Fig. 55¢ the velocify differ-
ence was varied over a wider range (370 to 2570 ft/sec; 113 to 783 m/s) which
decreased the mass median dropsize by approximately 90 percent*. Thus, mean
dropsize appeared to be extremely sensitive to both post recess and gas-to-
liquid velocity difference. This concurred with results derived from previous
experiments and from the analytical stripping models presently used to pre-
dict vaporization performance. The above results are cross-plotted in Fig. 56
to describe the effect of mixture ratio on mass median dropsize. Note that
decreasing mixture ratio markedly decreased the mass mean dropsize attaina-
ble. By decreasing the mixture ratio over the range tested, the mass mean
dropsize was decreased by 50 percent or greater at post recess-to-liquid diam-
eter ratios of 1.0 and less. A flattening effect was seen at the larger post

recess when the mixture ratio was less than 10.

*To obtain subsonic gas velocities in the 2570 ft/sec (783 m/s) range, it was
necessary to use helium as the simulant gas. The effect of this density
change was not accounted for in Fig. 55c. However, multiplying the results
by the density ratio to the 1/3 or 1/4 power (previous correlations and/or
stripping models) will not significantly alter the slope of the curve
presented.
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Four tests were conducted with a 10:1 scale reduction (100 1b; 445 N thrust/
element) injector. Due to relatively low simulated propellant flowrates,
however, some difficulty was encountered in heating the gas to the wax boil-
ing point and in maintaining steady gas flowrates to the injector manifold.
The mass median dropsizes attained in these tests are plotted in Fig. 55a.
Note that a significantly smaller dropsize was obtained for the zero recess
test than for the tests with post recess equal to one liquid diameter. This
is in direct contradiction to all the lafger scale data and several reported
experimental investigations. It was concluded that some of these tests should

be repeated to conclusively determine the effect of scale on atomization.

To summarize, the mass median dropsize‘attainable with the basic concentric
element was seen to be extremely sensitive, over the range tested, to post
recess, gas-liquid velocity difference, and mixture ratio. As expected, the
mean dropsize was decreased with increasing velocity difference, post recess,
and with decreasing mixture ratio (less liquid to strip and/or lower liquid
velocities per unit gas flowréte). The median dropsizes attained were quite
large (500 u; 500 x 156 m and greater) for a majority of these tests. Prac-
tically, these values would be too high for applicable to hot—fire.studies;
thus, from the atomization point of view, relatively large concentric hot-
fire injector elements would be designed with as much post recess as possible
(limited by injector heat transfer and/or cup pressure drop) and with gas

velocities as high as feasible.

Mixing Tests. Twelve propellant mixing experiments were conducted with

the basic concentric tube injector concept; operating conditions for these

< tests are summarized in Table 15. Nine of the originally planned tests were
dropped from the test matrix due to the extremely high mass median dropsizes
attained in the atomization experiments with some hardware configurations and
operating conditions. The changes in this matrix included running the major-
ity of the tests with the smaller, approximately 500 1bf (2220 N) thrust/
element, of the two available cold-flow injectors. In addition, all planned
tests at a mixture ratio of 13 (D= 600 to 1300 u; 600 to 1300 x 10°6 m) and
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all but one test with zero post recess (D = 500 to 1300 u; 500 to 1300 x 10-6

m) were deleted.

Several general trends were seen in the raw data. In the center of the flow-
field, large quantities of liquid were observed, decreasing as the flowfield
radius increased. The gas mass flux was oriented in the opposite manner;
lower in center and increasing with radius until a maximum was obtained. In
addition, the oxygen content in the measured gas was seen to increase with
increasing radius, showing an increase in the ratio of entrained air to

injected nitrogen. Thus, the raw data trends were as expected.

The mixing factors, Em’ were calculated for each test directly from the cold-

flow local flowrates measured. Results are reported below.

The effect of varying post recess at constant mixture ratio (6.0) is shown in
Fig. 57 a for constant Vg - Vz. Note the 20 percent increase in the mixing
factor as post recess increases from 0 to 2 liquid diameters. Thus, the
amount of post recess exerts considerable influence on mixing. This param-
eter was seen to improve atomization in the same manner (i.e., increased post
recess decreased 5). As observed from Fig. 57a, raising Vg - Vz at a fixed
degree of post recess showed a lesser, but still significant, enhancement of

mixing efficiency.

The post recess and the injection velocity difference were also varied at a
constant mixture ratio of 10. Predicted mixing factors for these éold—flow
tests are shown in Fig. 57b. The data point associated with the greatest
post recess appears to represent an anomaly in that it exhibits the lowest
mixing efficiency. This data point has a relative velocity, Vg - VZ’ approx-

imately halfway in between the Vg - Vl of the other two points. Although no
evidence has been found to disregard this test, the post recess trend ob-
served at a mixture ratio of 6.0 (Fig. 57a) is regarded with a much higher
confidence level because it represents more data and because it is more con-

sistent with other experimental results.
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The data in Fig. 57a and 57b are cross-plotted in Fig. 57c to illustrate the
effect of mixture ratio at constant recess and Vg - Vz. The effect of scaling
the basic concentric tube is shown in Fig. 57d for a mixture ratio of 6.0.

As the liquid orifice diameter was increased from 0.2 in. (0.5 x 10—2 m) to
0.6 in. (1.6 x 10-2 m), a mixing factor decrease of approximately 13 percent

was observed.

Concentric Tube With Swirler Cold-Flow Tests. Six atomization and three mix-

ing cold-flow tests made with this injector concept as described below.

Atomization tests. Six concentric tube with swirler injector atomiza-

tion tests were conducted; the operating conditions for these tests, along
with the median dropsizes measured, are summaried in Table 16. The swirl was
developed by tangential liquid entry into the base (upstream section) of the
liquid orifice (Fig. 36). The swirl entrance area was varied for constant
gas and liquid flowrates, permitting variation of the swirl velocity at con-
stant liquid flowrates. Results are presented in Fig. 58 where mass median
dropsize is plotted against swirl velocity (swirl entering velocity) for two
constant injection velocity differences (Vg - Vl)’ Note that the addition
of swirl velocities of only 33 ft/sec (10.1 m/s) decreased the mass median
Q= 1080 ft/sec (330 m/s). As

with the basic concentric element, increasing gas velocity markedly decreased

dropsize by more than 50 percent at Vg -V

the dropsize attained. The mass median dropsize passed through a minimum

value and again increased with increasing swirl velocity at the lower gas

velocities, V2 -V, = 360 ft/sec (110 m/s), which might be an indication that

3
the liquid swirl velocity was high enough to drive the liquid through the gas

stream before complete stripping could occur.

The trends with this concept indicate that relatively large thrust per element
injectors may be plausible with respect to atomization if a liquid swirl is
added and high gas velocities are employed. The combined effects of post
recess and liquid swirl cannot be ascertained since only the 0.0 recess condi-
tion was tested in combination with the swirl. Further testing would be re-

quired to examine such combined effects.
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Mixing Tests. Three propellant mixing experiments were conducted with

the concentric tube with swirler injector concept. Operating conditions for
these tests are summarized in Table 16. The only test variable was the liquid
swirl velocity. Three additional mixing tests were originally planned; how-
ever, these mixing tests were dropped from the test matrix due to the rela-
tively large mass median dropsizes attained in the atomization experiments

employing relatively low gas velocities (i.e., under 400 ft/sec; 122 m/s).

Several interesting qualitative trends were seen from the mixing test data.
The maximum liquid flux point did not occur in the center as with the basic
concentric experiments. Instead, this zone of maximum liquid flux moved
radially outward, as expected, with increasing swirl velocity. The gas stag-
nation pressures were somewhat more uniform with the concentric with swirl
element than with the basic concentric injector tests. The oxygen content
(from ingested air) was again seen to increase with increasing radius from
the center of the flowfield as was observed in the basic concentric tube ele-

ment tests.

In Fig. 59, Em for the concentric with swirl element is plotted against (in-
let) swirl velocity for a constant mixture ratio (10), scale-(DZ = 0.206 in.;
0.523 x 10_% m), (Vg -V, = 875 ft/sec; 267 m/s) and zero recess. Also in-

cluded is a zero swirl pgint interpolated to the appropriate MR, Vg - Vg,
and zero recess from the basic concentric Em data (Fig. 57). Evidently the
addition of swirl markedly enhances Em; however, an optimum value of swirl

is suggested by the decrease in Em between VS = 66 and 101 ft/sec (20.1 and

30.8'm/s).

Impinging Concentric Tube Cold-Flow Tests. Eight mixing and nine atomization

tests were conducted with the impinging concentric tube injector concept
(Fig. 37). Primary variables include scale, the liquid-gas penetration
parameter, the liquid-to-gas diameter ratio, the ratio of annulus to central

orifice fuel (gas) simulant flowrates; and the fuel momentum flux level.
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With the exception of the annulus to central fuel flowrate ratio, these are
the same variables examined for the basic impinging .injector concept. Data

from these tests are described in the following sections.

Atomization Tests. Operating condition and mass median dropsizes

attained for all tests with this injector concept are summarized in Table 17.
The mass median dropsize is plotted as a function of each of the test varia-
bles in Fig. 60. The dependence of the mass median dropsize on the liquid
penetration parameter in the 0.3 to 0.9 range is illustrated in Fig. 60a.

The curve is similar to the results observed in the basic impinging stream

test series over the Xp/Dg range tested.

The influence of liquid-to-gas orifice diameter on mass median dropsize is
illustrated in Fig. 60d for tests in which the other primary variables were
held constant. As illustrated, the dropsize is seen to be strongly affected
by Dg/Dg- As DQ/Dg varies from 0.2 to 0.33, the mass median dropsize in-
creases by approximately 40 percent. This slope also coincides with data
taken in the basic impinging stream test series. It should be nbted, however,
that a decrease in annulus gas velocity was accompanied by the Dl/Dg iﬁcrease

and may have contributed to the rise in D.

The effect of varying the center orifice gas momentum flux on dropsize is
shown in Fig. 60b. Again, the other primary variables mentioned above were
held constant during these tests. Dropsize decreases only slightly (approxi-
mately 9 percent) with increasing momentum flux in this range, which was quite

surprising.

The .influence of scale on mass mean dropsize is shown in Fig. 60b for con-

2

stant D,/D , X /D \'
o g’ p/ ¢ Pg'g :
As the simulated thrust per element decreased from about 2500 to 1000 1b

, and the ratio of annulus to total gas flowrates.

(11,100 to 4450 N), the mass median dropsize attained was decreased by approx-

imately 23 percent. —
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The remaining variable investigated was the ratio of annulus gas flowrate

to total gas flowrate. The effect of varying this parameter while holding

the other four primary variables constant is illustrated in Fig. 60c, which
includes zero annulus gas flowrate point from the basic impinging stream
series, corrected for the constant operating conditions. This curve indi-
cates a dropsize decrease of approximately 34 percent (282 to 188 u; 282 to
188 x 10"6 m) as this flowrate ratio increases from 0.0 to 0.4; however,

this must be interpreted with caution since the percent annulus gas increase
was effected by an increase in annular gas velocity rather than by a reduction

in the center gas flow as would occur in a hot-firing case.

Mixing Tests. Operating conditions for the mixing tests with the im-

pinging concentric concept are summarized in Table 17. Several qualitative
trends were seen from the raw data. Higher gas stagnation pressures were
observed in the center of the flowfield,, decreasing with increasing radius.
As the penetration parameter increased, the maximum level of the gas stagna-
tion pressure decreased significantly; i.e., 75 to 9 mm Hg (100 to 12 x 102
N/mz) as XP/Dg varied from 0.4 to 0.96. This indicated a substantial increase
as expected, in spray/gas interaction at high XP/Dg, whereby much of the gas
momentum was transferred to the spray. The oxygen content of the flowfield
varied approximately inversely with the stagnation pressure. The relative
minimum oxygen content occurred in the center and amounted to on the order

of 4 percent, which corresponds to about 20 percent ingested air by volume.
Liquid mass fluxes exhibited four peaks at the liquid penetration parameters
less than 0.7 and a centralized peak at higher XP/Dg. The gas and spray flow

distributions are further discussed in a following subsection.

Quantitative results of the propellant mixing tests are presented below in
terms of the mixing factor, Em. The initial tests were designed to investi-
gate the influence of the liquid penetration parameter on mixing, In these
tests the liquid flowrate was increased, at constant center and annulus gas
flowrates, to increase Xp/Dg. Results are plotted in Fig. 6la. These three
tests were the same tests used to develop the recirculation model (with LOX/

GH2 simulation) using empirical correlation with the Task I hot-firing data
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Figure 61. Summary of Cold-Flow Mixing Results: Impinging Concentric Injector
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as described in Appendix D. The impinging concentric element curve of Em
versus Xp/Dg (Fig. 6la), wherein DQ/Dg was 0.31, corresponds quite closely

in both level and trend with that observed with the basic impinging element
(Fig. 53) for 0.17 f-Dz/Dg < 0.4. The only significant difference is at the
mid-point (XP/Dg = 0.7) where Em was lower for the impinging concentric ele-
ment, resulting in a curve of increasing upward slope. The curve appeared

to be linear for the basic impinging element. The upward trend of mixing

with Xp/Dg is also in accord with fhe hot firing (nc*) obtained in Task I

mix
LOX/GH2 tests for the impinging concentric injector with Dl/Dg = 0.4, Over
the range 0.4 f_Xp/Dg < 0.80 the hot firing (n_,)

percent.

. increased from 93 to 99
mix

The effect of the liquid-to-gas diameter ratio is illustrated in Fig. 61b.

The penetration parameter was held constant in these tests by varying the
overall mixture ratio along with Dg/Dg' Note that mixing faqtor remains
nearly constant for these two tests. Similar results were obtained with the
basic impinging concept over this limited Dl/Dg range, i.e., 0.21 E-DZ/Dg-i
0.31. However, a continued increase of DQ/Dg beyond 0.3 resulted in a decling
in mixing for the basic impinging injector. On the other hand, Task I cold-
flow work (which assumed uniform gas distribution) indicated that mixing level
to decline sharply with Dg/Dg’ less than 0.2. The conservative approach then
would be to maintain DQ/Dg between 0.2 and 0.3 or perhaps 0.2 and 0.4.

The influence of increasing the annulus gas flowrate. is presented in Fig. 6lc,
holding the center gas and liquid flowrates constant. In effect, this in-
creases the gas-liquid concentric tube Vg - Vz and decreases the concentric
tube mixture ratio. In light of the basic concentric element cold-flow re-
sults this would be expected to increase the concentric streams' potential.
However,'the overall element mixing factor ié seen to decrease substantially
as the annulus gas flowrate is increased. In Task I cold-flow tests a simi-
lar effect was observed as the percent annulus gas was increased, although

in that case this was accomplished at constant mixture ratio by simultan-

eously decreasing the center gas injection rate and increasing that of the
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annulus gas. (Again it is to be remembered that gas flow distributions were

not actually measured in Task I.)

The remaining parameters investigated were the center gas momentum flux and
scale. All other operating conditions were held constant for these tests.
Resultant mixing factors are plotted in Fig. 61d and 6le. Although there is
some data scatter, the influence of ngg2 on mixing appears to be weak in the
range tested (Fig. 61d). If these data are plotted together with the basic
impigging Em versus nggz data, Fig. 53c, an upward trend with increasing

ngg is suggested. The effect of scale on mixing, plotted in Fig. 6le, was
as expected: decreasing scale by a factor of four increased the mixing factor
from 72.5 to 87.5 percent.

Tricentric With Centerbody Cold-Flow Tests. Six atomization and five mixing

tests were conducted with the tricentric with centerbody injector concept.
Primary variables for these tests included the gas injection velocities, mix-

ture ratio, thickness of the liquid and gas streams, and scale.

Atomization Tests. Operating conditions and the mass median dropsizes

attained in each of the atomization tests are summarized in Table 18. The
first three tests were designed to investigate the effect of gas injection
velocities on mass median dropsize. The baseline injector hardware pictured
in Fig.39 was utilized for these tests, and the mixture ratio was held con-
stant. The results of these tests are plotted in Fig. 62a. As expected, the
mass median dropsize decreased with increasing gas injection velocities.

Over ‘the Vg (gas velocity) range of 330 to 1050 ft/sec (101 to 320 m/s) the

median dropsize decreased by approximately 32 percent.

The centerbody diameter for the first three tests was 0.25 in. (0.64 x 10 “ m).
This diameter was increased to 0.75 in. (1,91 x 10;2 m) for the next test
while méintaining constant inner fuel, oxidizer, and outer fuel injection
areas. Thus, because of the increased perimeter of each annular orifice,

the annulus gaps were decreased substantially. A photograph of this injec-
tor is presented in Fig. 63, and the test results are plotted in Fig. 62b.
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Note that the mass median dropsize increased approximately 90 percent as the
centerbody diameter increased and the annulus gaps were decreased. Contrary
to expectation, this means that larger dropsizes were obtained with this in-
jector when the liquid annulus gap decreased (while maintaining constant
liquid and gas injection areas). Possibly the effectiveness of the augmenting

gas was reduced by the reduced size of the gas annulus gaps.

The third hardware variation involved changing the centerbody diameter from
the baseline value of 0.25 in. (0.64 x 1072 m) to 0.75 in. (1.91 x 10”2 m),
while maintaining the same annulus gaps as the baseline injector. This re-
sulted in a significantly greater injection area. Two tests were conducted
with this injector. In the first, the mixture ratio and injection velocities
were held the same as those of the baseline injector tests. A very small
dropsize change, approximately 7 percent, was observed in this test as illus-
trated in Fig. 62b and 62d. This verifies the expection that this type of
element can be changed in size (increased flowrate) with little effect on
atomization, provided the annular gap dimensions are not varied. In the
second test, the mixture ratio was decreased by a factor of 2 (from 10 to 5)
while holding the gas injection velocity constant. This test was added to
the test matrix because of the strong trends observed with mixture ratio in
the basic concentric tube cold-flow tests. Test results, plotted in Fig. 62c,
for the tricentric with centerbody concept also illustrate a strong influence
of mixture ratio with the mass median dropsize decreasing by approximately

30 percent as the mixture ratio was changed from 10 to 5.

Mixing Tests. The tricentric with centerbody injector cold-flow mixing

experiments were conducted employing the same hardware and basically the same
test series as utilized in the atomization tests described in the preceding

section. Operating conditions for the mixing tests are summarized in Table 18.

Several qualitative trends were seen in the raw data. Gas stagnation pres-
sures were relatively constant in the middle of the flowfield and decreased
at its edge. Also, the dynamic pressures were reduced by an order of magni-
tude as the injected gas velocity dropped from 950 to 270 ft/sec (290 to 82 m/s).
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The oxygen content from ingested air increased with radius as expected. In
general, with the larger centerbody diameters, the oxygen content in the cen-
ter was somewhat lower, indicating a slower ingestion of air. Liquid mass

flux maximized near the center of the flowfield and decreased with radius.

Mixing factors (Em) were calculated for each test directly from the cold-flow
local flowrates measured. The effect of varying Vg - VQ at constant mixture
ratio is shown in Fig. 64a. Note the expected increase in the mixing factor
as Vg - VQ increased. The results of varying scale (i.e., injection area)
and annulus gaps are presented in Fig. 64b. Since these two parameters were
both varied by changing the centerbody diameter, the mixing factor is plotted
against ceﬁterbody diameter for convenience. A significant mixing factor is
seen with increasing scale, but fixed annulus gaps. This is somewhat sur-
prising since the mean dropsize found in the atomization tests was not altered
by a change in total injection area. However, when scale (total injection"
area) was held constant and the annulus gaps were decreased, a significant
decrease in the mixing factor was observed, which is in accord with the re-

duction in atomization effectiveness under the same conditions.

Dropsize Distribution About the Median Dropsize

Hot-fire vaporization efficiencies are determined by the distribution of drop-
sizes around a median dropsize value as well as the absolute magnitude of that
median. Dropsize distributions about the mean were investigated for each in-
jector type. These distributions were obtained by piotting each of the ex-
perimental cumulative weight fractions versus a nondimensional dropsize (b/D),
with the data for each individual injector concept plotted on one graph.
Curves were then drawn (for each injector type) through the least, the
average, and the most monodispersed distributions as shown in Fig. 65. The

difference between the least and most monodispersed curve for the basic con-

centric was significantly greater than that for any of the other concepts.

Comparing the median dropsize data and the dropsize distribution data for this
concept indicates that the tests which produced the more nearly monodispersed

spray were those which resulted in the smaller values of D.. Thus optimization
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of the mass median dropsize improved the dropsize distribution as well. The Ty
range from minimum to maximum experimental median dropsizes was not wide

enough with the other concepts to distinguish this trend.

Figure 66 provides a direct comparison of the average dropsize distribution
curves produced by the various types of injector elements. Also shown is a
standard Nukiyama-Tanasawa distribution (Ref. 5) which has frequently been
used to describe polydisperse sprays in combustion model analysis. Clearly,

the experimental data are relatively less monodisperse than the '"N-T" curve.

In a subsequent section, "Performance Effects,'" combustion model calculations
were applied to quantitatively evaluate the effects of dropsize distribution
about D in terms of (nc*)

vap _
500 psia (345 x 104 N/m2) in a 30-in. (0.762 m) L* chamber). The maximum

for a reference combustion system (FLOX/CH4 at

vap from the least monodispersed (concentric element) test to

the most monodispersed (impinging concentric element) test corresponded to

spread in (nc*)

about +2.5 percent. It was concluded that the appropriate dropsize distribu-

tion curves should be used to predict exact values of vaporization effi-

ciencies; however, the dropsize distribution is clearly a secondary parameter

to D itself. Thus parametric analysis of atomization potential in terms of

D is justified.

Mass Flux and Mixture Ratio Profile Investigation

Mass and mixture ratio profiles from each type of injection element were analy-
zed to better understand the effect of varying design parameters. Several
examples are shown in the following sections. For the concentric type injec-
tor concepts, two types of curves are used: one to show the mixture ratio
profile .versus radius, and the other to show total (gas and liquid) mass flow-
rate per'inch of radius normalized by the injected flowrates and plotted as

a function of radius. The symmetry of the concentric-type (this also includes
the swirl and tricentric elements) element flowfield lends itself to this

one-dimensional profile, which is impractical with the impinging concepts.
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Thus, the concentric element results are reported together, after which the
impinging element results are reported in terms of two-dimensional contour

plots of the measured flowfields.

Basic Concentric. The principal variables investigated experimentally with

this concept are the amount of post recess, Vg - VZ’ and mixture ratio. Each
mixture ratio profile decreases, in general, with radius from a central maxi-
mum to a minimum at the edges. In contrast, the mass fraction profiles gen-
erally go through a maximum as the radius increases from zero and then de-

clines with larger radius.

Mass and mixture ratio profiles are shown in Fig. 67 for tests investigating
the amount of post recess with the small-scale concentric tubes. Note the
pronounced drop in centerline mixture ratio as the recess is increased. In
addition, the mixture ratio at larger radial distances from the element
centerline is increased with increasing post recess. Both changes reflect
the enhanced gas-liquid stripping and momentum exchange which results from
post recessing. The net effect of increasing the post recess is greater
mixture ratio uniformity. Similar results can be seen with the mass profile
with the region of maximum mass flux moving radially outward with increasing
post recess. This flattening of both mass and mixture ratio profiles as the
amount of post recess increases yields a rather large increase in mixing

efficiency. Similar results can be seen with the larger-scale injector model.

The effects of increasing Vg = Vx are plotted in Fig. 68 again for the small-
scale concentric element. The most noticeable effect is a large reduction of
the centerline mixture ratio as V_ - Vz is increased. The mixture ratio at
r > 0.4 in. (1.02 x 1072 m) is raised by the higher V, - Vy. The mass flux

L

profiles for different Vg -V reflect an outward movement under the influ-

ence of increased shear by the gas.

Decreasing the injected mixture ratio has a profound effect on both the mass
and the mixture ratio profiles. This is illustrated in Fig. 69. The center-

line mixture ratio is decreased by 67 percent as the injected mixture ratio
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decreases from 10 to 6. As radius increases, the local mixture ratio de-
creases in both cases until the local mixture ratios are equal at a radius of
approximately 0.4 in. (1.02 x 10—2 m). The mass flux profile is also
flattened as the injected mixture ratio is decreased, reflecting a better
capability of the gas to atomize and disperse the relatively smaller amount

of liquid.

Concentric With Swirler. The only parameter investigated in mixing tests with

this concept was the liquid swirl velocity. As previously reported, the
variance of this parameter covers a fairly narrow range (65 to 100 ft/sec;
19.8 to 30.5 m/s). Thus, the mass and mixture ratio profiles were relatively
similar for these two tests. However, comparing the swirler type element to
the basic concentric (at zero swirl velocity) gives a significant indication
of the effect of swirl on mixing. Representative_flow'profiles for the basic
concentric (swirl velocity = 0) and concentric with swirl (swirl velocity = 65
ft/sec; 19.8 m/s) are shown together in Fig. 70. Other parameters such as

Vg - Vg, mixture ratio, and element size were the same for both tests. The
introduction of swirl dramatically shifted the mixture ratio profile so that
the high mixture ratios.occurred at large radii, rather than near the injec-

tion element's axis. The mass flux profile also reflects the substantial

outward motion of spray due to the hydraulic swirl.

Tricentric With Centerbody. The primary parameters investigated with the
tricentric with centerbody concept include Vg - Vz and annulus gap dimensions.
Mass and mixture ratio profiles for these tests are plotted in Fig. 71 and 72.
It is of interest that the existence of two gas-liquid interfaces with this
element results in two annular maxima in total mass flux per inch of radius.
The liquid is apparently drawn inward and outward from its zone of initial
injection by these two gas streams, to the extent that a mixture ratio mini-
mum is produced at an intermediate radius.‘ The extremely high mixture ratio
approached at radii near zero and again at radii of about 1.5 inches result from
the fact that some spray traverses each of the two annular gas streams. How-
ever, the amount of mass so involved is small and the importance of these

high mixture ratios may be minimal.
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The effect of Vg - Vz on the mass and mixture ratio profiles for this injec-
tor is illustrated in Fig. 71. Increasing Vg - V2 is seen to reduce the
liquid penetration across the outer gas annulus, as seen in the lowered mix-
ture ratio at large radii. The mass flux profiles indicate increased Vg - Vz
causes an increase in two-phase flow at the outer radius at the expense of
the flux at the inner maximum flow radius, i.e., there is a net outward shift

in the flowfield.

Two perturbations were made experimentally with gap dimensions. In one case,
the injection area was held constant while the annulus gaps were decreased,
resulting in a mixing efficiency decrease (previously discussed). In the
second case, the orifice injection area was increased while holding all three
annulus gaps constant, resulting in slight increase in mixing efficiency.

The mass flux and mixture ratio profiles are presented‘in Fig. 72. Decreasing
the annulus gaps (constant injection areas) did not appreciably alter the
total mass flux profile; however, it did result in a shift to very high mix-
ture ratio at small radius (r < 0.4 in.; 1.02 x 10_2 m). Both effects con-
tributed to a reduction of Em (poorer mixing). On the other hand, the in-
crease in injection areas (constant gap sizes) tended to smooth both mass

flux and mixture ratio as was reflected in the relatively improved mixing.

Basic Impinging. The primary variables investigated with this concept include

liquid penetration parameter (X /Dg), liquid-to-gas orifice diameter ratio
(DR/D ), gas dynamic pressure (p V ), scale (D ), and the number of liquid
orlflces Because of the two- dlmen51ona11ty of the flowfields that result
from this injector type, mass flux distributions cannot in general be repre-
sented by a single curve. One method used to display these flowfields is by
use of contour plots of liquid and gas mass flux. Both gas and liquid con-
tour plots must be examined to evaluate a given run condition. Figure 73

presents a typical gas mass flux contour*. This particular diagram, at a

*The gas mass flux contours and profile included in this section are based on
measured gas flux and are not corrected for ingested gas or altered by using
the gas recirculation model,
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nominal test condition, shows a mass flux maximum (high contour line numbers)
in the center, and monotonic decreasing flux with increasing distance from
the center. Note that the flowfield exhibits a relatively square pattern as

a result of gas being '"squeezed'" between the four incoming liquid jets.

The liquid penetration (Xp/Dg) has a pronounced effect on both the gas and

the liquid normalized mass flux pattern. Liquid mass flux contours for low
and high XP/Dg (0.35 and 0.96) are presented in Fig. 74 and 75 for the pentad
injector case. The four high liquid concentration points which are in line
with the liquid orifices in Fig. 74 graphically illustrate the limited pene-
tration of the bulk of the liquid into the gas stream at Xp/Dg = 0.35. For
this test, the liquid flux in the geometric center of the flowfield is at a
relative minimum. As the penetration parameter is increased, the four high
liquid flux zones combine into a-single peak at the center (see Fig. 75;

xp/Dg = 0.96). Figure 76 illustrates the liquid flow patteré for an inter-
mediate value of Xp/Dg (0.71), where the flowfield is intermediate between

the extremes shown in the two preceding figures. In this case, which is
typical of the "nominal' penetration parameter, the relative maximum liquid
flux appears as a broad annular ring. This liquid flowfield transition can
also be shown in normalized mass flux profiles. Figure 77 presents profiles
éorresponding to the contours of Fig. 74,-75, and 76 for the case in which

the ray chosen for presentation is in the plane defined by two opposing liquid
orifices (vertical in Fig. 74). Again, for low penetration, the liquid mass
flux maximum occurs away from the géometric center (0.75 in.; 0.019 m).

Medium penetration is characterized by a relatively uniform mass flux distribu-
tion. Finally, liquid mass flux concentration at the center coincides with

a high value of the penetration parameter. Note that this profile (normalized
flowrate per square inch) cannot be directly compared to the profiles pre-
sented for the concentric injector concept in which flowrate per inch of
radius was plotted. The present method was chosen for impinging-type injectors

because the flowfields are not axisymmetric.

Profile curves can be used in a similar fashion to illustrate the change in

normalized gas mass flux distribution with changes in penetration parameter.
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Refer to Fig.78 in which a ray similar to that used in Fig.77 was chosen.
The trend with increasing Xp/Dg is obvious. The gas flux relative maximum
remains at the center, but decreases in magnitude with increasing X_/D ,

reflecting greater interaction of gas-liquid momenta. Additional profiles
taken at other locations through the flowfield indicate the same flowfield

trends.

Another key mixing parameter was the-liquid-gas diameter ratio. For the

basic impinging injector, pz/Dg was varied by changing the liquid orifice

diameter, D, (constant Dg)g To change DQ/Dg in this manner at‘cqnstant\xp/Dg,

pg, and nggé, the Iiquid jet velocity changes inversely proportional to

DQ/Dg while mixture ratio increases proportionally with Dl/Dg‘ The effects:

of diameter ratio are best shown by the liquid and gas mass flux profiles*
of Fig.79 and 80 . The trend is the same for both liquid and gas distribu-
tions: when DQ/Dg increases, the relatively high mass flux near the center
is markedly diminished as the flows are shifted radially outward. Basically,

then, the trend is toward more uniform gas and liquid mass flux as DQ/Dg rises.

The primary influence of the gas dynamic pressure parameter (nggz) is on the
distribution of the gas mass flux. As shown in flux profiles of Fig. 81,
decreasing pgvg2 tends to make the gas mass flux more evenly distributed.
This trend reflects the fact that the gas velocity gradients are lower for
lower values of pgvgz. On the other hand, variation of the normalized liquid

mass flux profile with gas dynamic pressure ratio is not pronounced.

Scale (Dg) chénges did not have significant visual effect on the mass flux

distributions of either the gas or the liquid.

The final parameter investigated with the impinging concept was the number of

liquid orifices. Two tests were made with an unlike-doublet configuration,

*The contour plots for tests with variable DQ/D at XP/Dg = 0.7 are qualita-
tively similar and, in appearance, are much 1i§e Fig.76~. Only by examina-
tion of the profiles was the effect of Dg/Dg clearly apparent.
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with the variable being the liquid penetration. Gas mass flux contours are
presented in Fig. 82 and 83 for Xp/Dg = 0.7 and xp/Dg = 1.15, respectively.
Note that the general shape of the contour plots is similar in nature to those
of liquid-liquid unlike-doublet injectors. The effect of increasing liquid
penetration is clearly shown in Fig. 83 in which the gas flowfield begins to
form two primary zones separated by the liquid jet. Liquid flux contours are
presented in Fig. 84 and 85 for the'same two test conditions. For the
liquid case, increasing Xp/Dg reduces the ability of the gas to spread out

the liquid, thus resulting in a more concentrated liquid zone. A more im-
portant conclusion is reached by comparing the relative position of the gas
and liquid maxima for a particular test condition. At low penetrations

(Fig. 82 and84 ), the gas and liquid maxima are separated, whereas for

XP/Dg = 1.15 (Fig. 83 and 85) the liquid penetrated has increased to the
point where the two mass flux maxima coincides, resulting in good mixing. Fur-

ther increases in Xp/Dg might be expected to result in decreased mixing.

Impinging Concentric. Mahy of the variables and results for the impinging

concentric injector concept are similar to the basic impinging concept.
Liquid penetration, orifice diameter ratio, and gas dynamic pressure were
varied in addition to the percent annulus gas. Again the two-dimensionality

of the flowfield requires mass flux contours for a full display.

The results of varying the liquid penetration parameter are similar to the
corresponding results from the basic impinging element. The liquid mass flux
contour plots for the impinging concentric concept correspond closely to

Fig. 74 through 76 (basic impinging). The contour pattern changes of these
two injector types are quite analogous. Also, the gas mass flux profiles for
the impinging concentric element indicate penetration parameter effects simi-
lar to those of Fig. 78..

For the impinging concentric elehent, the liquid-gas diameter ratio was varied
by changing the gas diameter (instead of changing D2 as was done for the basic
impinging element). While the range‘of variation (Dg/Dg = 0.21 to 0.31) was

not as great as for the basic impinging element (0.17 to 0.41), the same trends
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were observed. Namely, both the gas and liquid mass flux distribution become
more uniform as Dz/Dg increases. As with the basic impinging injectors, it
should be noted that increasing mass flux uniformity did not imply improved

mixing as D,/D 1is increased.
g 2/ Pg

The percent annulus gas parameter is defined as 100X (Wannulus/wtotal)gas'

It is obvious from the mass flux profiles presented in Fig. 86 and 87 that
this parameter has an effect on both gas and liquid distributions. In these
tests, the percent annulus gas was increased from 0.2 to 0.4 by raising the
annulus gas velocity. Clearly most of the additional annulus gas accumulates

near the center of the flowfield (Fig.86 ).

For the liquid distribution (Fig. 87 ), the result of increasing the percent
annulus gas from 0 to 20 percént‘is increasing liquid uniformity. This re-
flects. the fact that the annulus gas is mixing with some of ;he liquid in the
region outside of the center gas jef. However, as the annulus gas Vélocity was
further increased (20~ to 40-percent annulus gas), this trend apparently re-
verses with a strong maximum spray flux forming at a radius of about 0.6 in.

(0.015 m), i.e., just outside the strong gas flux zone along the axis.

Variations in the center gas jet dynamic pressure (pgvgz) did not have a strong
effect on the shape of gas or liquid mass flux profiles. Whereas relatively
uniform gas flux occurred at low values of gas dynamic pressure for the basic
impinging element, the impinging concentfic data suggested a slight trend in

the opposite direction.

Scale or Dg changes from 0.32 to 0.62 in. (0.81 to 1.57 x 1072 m), at constant
Dl/Dg (for the impinging concentric element) did not have any obvious effect
on either the gas or liquid mass flux distribution; i.e., consistent with the

basic impinging element trends.
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Performance Calculation

Rational design of rocket engine components using fundamental engineering
principles requires a basic understanding of combustion and its relationship
to the physical processes which control it. For most bipropellant liquid or
gas-liquid systems, c* efficiency is affected by both propellant vaporization
and mixing. In this program, overall c* efficiency was predicted by the
product of the vaporization limited and the mixing limited combustion effi-
ciencies, (nc*) and (n

vap c*)mix
veloped and substantiated in extensive application to liquid-liquid propel-

, respectively. This approach, which was de-

lants systems, was first applied to gas-liquid systems in Task I of the subject
program. The approach itself is discussed in some detail in Ref.1l and2.

The present section briefly describes the calculation of vaporization and mix-
ing limited performance based on results of the Task II cold-flow investiga-
tions. The calculated performances in this section apply to the FLOX/CH4
propellant combination; however, no liquid property corrections were made to
correct the wax mass median dropsize to FLOX mass median dropsize. The trends
reported for FLOX/CH4 would be similar for both LOX/GH2 and LF2/GH2, although

the absolute levels and slopes would differ somewhat.

Vaporization Efficiency. The effects of incomplete propellant vaporization on

c* efficienéy were quantitatively studied by means of an analytical propellant
combustion model developed at Rocketdyne several years ago by Lambiris, Combs,
and Levine. Current computer programs (Ref. 1 and 2 ), which have evolved from
this model, determine the predicted hot-fire vaporization efficiency as a
function of the méss median dropsize and the distribution of dropsizes around

a median dropsize value when used with specific geometry and operating condi-
tions. To best understand the practical significance of the Task II atomiza-

tion data in terms of (nc*) , a series of combustion model computations was

vap
conducted for the set of design/operation conditions presented in Table 19.

Mass median dropsize and dropsize distribution were the variable parameters
for the calculations. The distributions used were those actually measured in
atomization tests of the various injector types as presented in a preceding

section of this report.
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TABLE 19

COMBUSTION MODEL INPUT PARAMETERS

Propellant System: FLOX (82% F,)/CH, (g)

Mixture Ratio: 5.75
Nominal P_: 500 psia (345 x 10% N/m?)

. . . 2.56
Injection Velocity: Vox = 100 ft/sec (30.5 m/s) (0.065 m)
Chamber Geometry: L* = 30 inches, € = 2 3 ~.vV_“

(0.76 m)

3.62
(0J¥2m{ ,,»?\\\
@13 .54 =
‘FJ}}E%gEnO :
(0.396 m)
The effects of variations in the dropsize distribution about ‘the mass median
(D) on compﬁted vaporization-limited combustion efficiencies are shown in
Fig. 88 for two different mass median dropsizes; 150 and 200 u (150 and 200
X 10-6 m) . Consider first the spfead'due to possible differences in dropsize
distribution about D for individual element types. The vaporization efficiency
is seen to vary.up to about 4 percent (in this dropsize rangej between the
least and the most monodispersed distributions for the basic concentric and
impinging concentric concepts. For the other three injector concepts (nc*)vap
varies (individually) only by a maximum of 2 percent. The variation due to
dropsize distributions between different injector types reached a maximum of
about 5 percent for D of 200 u (200 x 10-6 m) and decreased for smaller D
values.

The combustion model data are replotted in Fig. 89 as a function of the mass
median dropsize and the average dropsize distributions for the impinging con-
centric and the basic concentric injector concepts, respectively. Only D
values less than 200 u (200 x 10-6 m) provide efficiencies high enough to be
of practical interest for the system used in the combustion efficiency calcu-

lations. Further, values of D <100 u (100 x 10_6 m) will provide essentially
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complete vaporization. It may be concluded from these two figures (88 and
89 ) that the dropsize distribution about D must be considered to predict the
exact value of vaporization efficiencies. However, the dropsize distribution
is clearly a secondary parameter to D itself.

Complete sets of curves of (nc*) were generated for essentially all Task

vap
II atomization tests for each injector type. These were used for element
concept optimization and rating (see the Injector Rating Section), but are
omitted here for the sake of brevity. The vaporization efficiency trends are

the same (inversely related) as the dropsize trends previously reported.

Mixing Efficiency. Uniform mixing is a prerequisite for high combustion effi-

ciency regardless of injector type. For this study, the analysis was based
on a simplified stream tube model in combination with cold-flow experiments
to determine distribution of propellants. The c* efficiency due to mixing

(nc*)mix
tions of each individual stream tube and comparing the total to that theo-

is determined by summation of individual mass weighted c* contribu-

retically attainable at the injected mixture ratio. This calculation has been

further explained in the description of the data reduction procedure.

'FLOX/CH4

for each of the injector concepts. Comparing these efficiencies with the

mixing efficiencies, based on Task II cold-flow data, were generated

mixing factors (Em) attained, illustrates that the trends observed with the
mixing factor are, in general, the same as trends with the predicted mixing

efficiency (nc*) However, the steepness of predicted mixing efficiency

mix”
trends may differ. In addition, the relative levels of the predicted mixing
efficiencies for FLOX/CH4, LOX/GHZ, LF2/GH2, etc., propellant systems might
be significantly different. As in the case of (nc*)vap’ the (nc*)mix curves
for the FLOX/CH4 (MR = 5.75) system are omitted for brevity. These curves
were used, however, in support of the injector concept optimization and rating

analysis.
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For convenience, a correlation between E and (nc*)m i x for FLOX/CH4 (at a
nominal P of 500 psia; 345 x 10 N/m ) is included (Fig. 90), which may be
readily used to convert cold-flow Em curves to approximate values of (n *)mix'
The relation is approximate because (nc*)mix depends to some extent on the
actual distribution, even for selected values of Em’ propellant combination,

and injected mixture ratio.
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TASK II INJECTOR RATING

The Task II cold-flow data were used to optimize each of the individual ele-
ment types investigated for application to a 5000-1b (22,200 N) thrust, 500-
psia (345 x 104 N/m2) FLOX/CH4(g) system and then to rate the optimized designs
for selection of those to be further evaluated in Task III. The optimization

and rating is described in this section,

The concepts evaluated in Task II included basic impinging, basic concentric
tube, concentric tube with swirler, impinging concentric, and tricentric with
centerbody elements suitable for use with LOX/GHZ, FLOX/CH4(g), and LFZ/GH2
systems. Because the objective of the cold-flow test matrices for these ele-
ments was to simulate three propellant systems in which optimum hot-firing
operating conditions varied widely (for instance, LOX/GH2 and LF2/GH2 optimum
mixture ratios are approximately 5 and 15, respectively), design conditions
used in the test matrix represented nominal averages for the three propeliant
combinations. In addition, physical sizes of the cold-flow injectors (T/E)
were limited by anticipated facility limitations. Therefore, several inter-
polations and extrapolations were required to apply the test results to a

specific propellant combination and thrust per element,

The main ground rules (with regard to operating parameters) are listed below
which were used for evaluation, optimization, and comparison of the injector

concepts.

1. FLOX/CH4 propellant combination

2. 5,75 mixture ratio

3. 160 R (88,9 K) FLOX injection temperature

4, 1500 ft/sec (457 m/;) gas injection velocity (maximum)

4

5. 350 psid (241 x 10 N/mz) liquid injection pressure drop (maximum)

6. 50001bf (22,200 N) (vacuum) thrust per element
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7. 500 psi (345 x 10" N/m") chamber pressure
8. 30-in. (0.76 m) chamber characteristic length

9. 2,0 chamber contraction ratio

Design parameters for each injector type were optimized with regard to pre-
dicted atomization and mixing under these operating conditions. The optimized
concepts were then rated under two categories, i.,e., their predicted capacity
for (1) propellant atomization, and (2) propellant mixing. In this rating
process, the overall confidence level of the cold-flow data and of the extra-
polations used were also considered., These rating processes are described

as follows,

Rating of Injector Atomization Potential

The Task II atomization experiments were used to predict individual injector
atomization characteristics under hot-fire conditions. These data have been
previously presented for each individual injector concept. This section re-
views the method used to optimize and compare the five gas-augmented injector
concepts on the basis of mass median dropsize alone. The FLOX/CH4 hot-fire
conditions and restrictions used as a basis for this comparison have been
outlined above. The five injector concepts studied can be divided into two
fundamental categories, impinging and concentric. Each category is considered

below with its particular set of parameters.

Impinging Concepts. As mentioned in a preceding section, Task II cold-flow

tests were designed to simulate a variety of propellant systems. In addition,
test facility flowrate, temperature, and pressure restrictions limited the
thrust-per-element capabilities for several of the injector concepts., There-
fore, the use of cold-flow data to predict hot-fire atomization character-
istics involved extrapolation of several critical operating parameters.,

Among these are scale (element size) and momentum flux. Because of the limited
number of tests conducted, some extrapolations were necessary using data trends
from closely related injector concepts (such as the basic impinging and imping-

ing concentric).
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Task II cold-flow atomization experiments with the basic impinging and imping-

ing concentric injector concepts involved the following parameters:

MR mixture ratio (impinging coaxial only)
Xp/Dg liquid/gas penetration parameter
pgvg2 gas momentum flux
D, or Dg scale, as indexed by liquid or gas orifice diameter
Dg/Dg ratio of liquid orifice diameter to gas orifice diameter
N number of liquid jets/element
W
(—%ﬁi%i?i) fraction of annulus gas (impinging concentric only)

Cold-flow tests with the impinging pentad injector indicated that mixture
ratio need not be considered if the penetration parameter is accounted for.
This was also assumed to hold for impinging triplet and unlike doublet injec-
tors and for the impinging concentric concept. Furthermore, additional cold-
flow tests for all of the above mentioned injectors showed that the penetra-
tion parameter has little effect for 0.2 S"Xp/Dg £ 0.8. (For higher pene-
tration, dropsize increases significantly, however.) Thus, for the purpose
of comparing impinging-type injectors, mixture ratio was not considered and
corrections for penetration parameter were made only when it was outside the

range indicated above,

For the basic impinging pentad\injector, the gas momentum flux parameter
(ngg)2 was varied. Results indicated the mass median dropsize to be a pro-’

2)"1/5. Earlier preliminary gas-augmented injector tests

portional to (pgvg
with N=2 (triplet) resulted in a -1/4 power relationship, while recent im-
pinging concentric data over a narrow range of momentum flux suggeste& a
lower ngg2 dependence. In the calculations that follow, a ~1/5 power ex-
ponent has been used for all impinging element types to correct for changes

in the momentum flux parameter,
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Basic Impinging Pentad. A graph (Fig. 91) of D vs DQ was constructed

as a function of DQ/Dg using test data for variable Dg and Dz/Dg at constant
momentum flux and 0,2 S‘Xp/Dg < 0.8, On this single graph, then, are seen
the parametric influences of injection element geometry for the impinging
pentad. (Note that the included angle between individual oxidizer streams
and the central fuel stream was not a test variable, -but was always 45 deg;
0.78 rad),

500
Loo ¥
by
= 3007
X
E
S . 200 A
X
7=y
100
0

0.1 (0.254) 0.2 (6.508) 0.3 (0.762) 0.4 (1.016)
Dy, in. (m x 10-2)

Figure 91. Parametric Influence of Injection Element Geometry
for the Basic Impinging Pentad

It is obvious from this graph that D can be minimized by using small liquid
diameters; however, a fixed flowrate per element requifes an increased liquid
velocity and is limited by (1) available injection pressure and/or (2) the
attendant increase of Xp/Dg into a high range (>0.8) where poor atomization
would result, The graph similarly indicates a benefit of using low values of
DZ/Dg' Task I effort suggested that Dz/D'g should not be less than about 0.3

based on mixing considerations.
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For the conceptual FLOX/methane hot-fire system under consideration, the

following operating conditions were selected: Dg = 0,190 in, (0.483 x 10"2 m),

Dg/Dg = 0,40, and Xp/Dg = 0,63, The Dl and Dg/Dg values can be used with

Fig. 91 to uniquely determine a mass median dropsize of 315 u (315 x 10-6 m)

for ngg2 = 16 psi (11.0 x 104 N/mz). Extrapolating to hot-firing gas momen-

2,-0.2
)

tum flux according to B’«(pgvg
(155 x 107 m).

yields a predicted dropsize of D = 155 u

Basic Impinging Triplet and Doublet. For the triplet (N=2) and unlike

doublet (N=1) injectors, an evaluation was used similar to that for the pentad.
However, because only two cold-flow test data points were obtained with each
of these injectors, the basic impinging pentad data had to be used for geom-
etry corrections., These geometry corrections were required because the unlike
doublet and triplet cold-flow geometry did not correspond exactly to the pre-

viously described FLOX/CH4 system used for concept optimization and rating.

The method of predicting dropsizes for the triplet and unlike doublet can be
illustrated by consideration of Fig, 92. The lower curve in this figure
(DQ/Dg = 0,35, Dz

other curves were derived by combining this experimentally observed influence

= 0,21; 0.53 x 1072 m) was obtained experimentally. The

of N at fixed DQ"/Dg and Dz with trends ofiﬁ'versus both Dz and D_Q'/Dg obtained
from the pentad (fixed N) data in Fig. 91.

Each injector type (the triplet and the doublet) was optimized for atomization
with regard to an Xp/Dg versus DQ/Dg tfadeoff to obtain the orifice sizes. In
cases where the design geometry yielded a penetration parameter, Xp/Dg, out -~
side of the 0.2 to 0.8 range, the dropsizes were corrected to the prqper Xp/Dg
by the cold-flow data trends presented in Fig, 93 . Selected design 1i%uid

m)

and 0.38 in. (0.97 x 10—2 m), respectively, while the respective diameter

diameters for the triplet and unlike doublet were 0.27 in. (0.69 x 10”

ratios chosen were 0,58 and 0.79. The resulting Xp/Dg values were 0.89 and
1.25. The design conditions yielded an appropriate dropsize from Fig. 93

for each of the respective concepts.
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Finally, corrections were made for the momentum flux parameter using the -1/5
power dependence. The calculations resulted in mass median dropsize of 155 u
(155 x 107° m) for the triplet and 150 u (150 x 1070 m) for the unlike doublet
injector concept. In retrospect, it is seen that the comparatively better
atomization indicated in Fig. 93 for the doublet and triplet is counter-
balanced by the necessarily larger D'Q for a given flowrate per element so
that the optimized dropsizes for the pentad, triplet, and doublet are essen-

tially equal,

Impinging Concentric., Impinging concentric tests were conducted using

four liquid orifices (i.e., N=4). Only three atomization tests with variable
injector geometry were made with this concept. Therefore, it was necessary
to make supplementary use of the basic impinging test data to fully develop
the shape of a curve illustrating the geometric parameter effects for the
impinging concentric injector (similar to Fig. 91). A plot of D versus Dg

as a function of Dg/Dg was obtained from these data and is shown in Fig. 94.

Initial mass median dropsizes were estimated directly from Fig., 94 using
VFLOX/CH4 system design conditions of Dz = 0.2 (0,508 x 10"2 m), DQ/Dg = 0.45,
| and Xp/Dg = 0.7, This initial dropsize was then corf?cted to the hot-fire
momentum flux using the -1/5 power dependence. The D resulting from this
process is 150 u (150 x 10"6 m) . 'Noting that the éold—flow injector liquid
tubes were not recessed, it is probable that the impinging concentric injector
concept could perform better in a recessed configuration, but it was not possi-
ble at this time to account for the potential effects of post recess for the

impinging concentric element type,

Concentric Concepts. The main parameters found to influence atomization of

the concentric element types include the following*:

MR = mixture ratio

(vg-vg) = relative velocity

*It should be noted that liquid injection velocity (Vy), while not experi-
mentally investigated in Task II, would be expected to influence atomiza-
tion based on theoretical considerations.
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Figure 94. Parametric Influence of D¢/D, and Dy on Mass Median
Dropsize (Basic Impinging ang Impinging Concentric
Coaxial Concepts)

Interpoldation procedures for each injector concept are discussed below.,

Basic Concentric. For the basic concentric element, the swirl velocity

and centerbody diameter do not apply, and annulus gap effects have not been
investigated, The cold-flow test data allow D to be determined as a func-
tion of (Vg-VR) and post recess (MR = constant). These déta are presented
in Fig. 95 for a 5,85 mixture ratio.
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Figure 95. Parametric Effect of Vg-Vyg
{Basic Concentric Injector)

Initial dropsize values for the reference FLOX/CH4 system are obtained from

this figure with (Vg—Vz) = 1400 ft/sec (427 m/s). This leaves a dropsize
correction for scale as the remaining correction to be applied. The Task II

g = 1000 /in.

(394 x lO4 m/m), independent of (Vg—Vz). The reference hot-fire liquid diameter

cold-flow data suggest* a linear correction factor of AD/AD

is 0,45 in. (1.14 x 10°° m) while the cold-flow liquid diameter, from which

Fig. 95 was generated, was only 0.28 in. (0.71 x 10"2 m). This implies a D

correction of +170 u (170 x 10'6 m). Correcting the mass mean dropsize ob-

tained from Fig. 95 yields D's of 270 u (270 x 1070 m) and 110 u (110 x 107° m) **
for recess/Dz values of 1 and 2, respectively. Thus, the atomization potential
for basic coaxial injectors is determined predominantly by the maximum recess
compatible with heat transfer considerations. At some recess between 1.0 and

2.0 Dz, the coaxial element dropsize would match that predicted for the

impinging-type elements (i.e., ~ 150 u; 150 x 10_6 m).

*It will be recalled that data from the set of five small-scale coaxial
element tests is questionable as a result of difficulty in controlling
the small gas and liquid flowrates., Thus, the scale correction was made
with a lower degree of confidence than were the other interpolations.

**As is obvious from Fig. 95 it was necessary to extrapolate a two-point
curve from V —Vz of about 1100 ft/sec (335 m/s) to the hot fire design
point of 1408 ft/sec (427 m/s). Additional data may show the dropsize
to asymptotically approach zero,
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Concentric With Swirler. Of the seven concentric element primary varia-

bles mentioned above, only swirl velocity and (Vg—Vg)lwere varied for the con-

centric swirler injector concept. Because mixture ratio, relative velocity,

and liquid orifice diameter effects must also be considered, the following

assumptions were made to aid interpolation and extrapolation of the cold-flow

data to the reference FLOX/CH4 system design considerations:

1,

Basic concentric element data may be used to determine concentric

swirler atomization trends for the limiting case of zero swirl

velocity.

The addition of 20 ft/sec (6.1 m/s) swirl velocity reduces mass

median dropsizes by approximately 50 percent as seen in the cold-
flow data with Vg-V = 1080 ft/sec (329 m/s) (Fig.5ﬁ{). That is,

L

the D reduction with Vs is assumed to be independent of other

parameters for Vg-V

Iy = 1080 ft/sec (329 m/s).

The effect of a further increése in the swirl velocity from 20 ft/sec
to 80 ft/sec (6.1 to 24.4 m/s), reduces D by an addition of 20 per-~
cent which is also seen in.the cold-flow data for (Vg-VQ) = 1080 ft/sec
(329 m/s) in Fig. 58.

Following the first assumption, a plot (Fig. 96) of mass median dropsize versus

(Vg-VQ) was constructed from the basic concentric cold-flow data for a mixture

ratio of 5.75 and at zero post recess.

. For the hot-fire relative velocity, this yields a mass median dropsize of

approximately 250 W (250 x 10~

6 m) before any scale correlations have been

made, Using the basic concentric tube scale factor of AD/AD, = 1000 u/in.

(394 x 10

4

2
m/m), the correction for the required hot-fire liquid diameter yields
6 :

an approximate mass median dropsize of 415 u (415 x 107" m). Correcting this

value for the addition of a swirl velocity leads to a predicted mass median
dropsize of 208 v (208 x 10_6 m) for a 20 ft/sec (6.1 m/s) swirl velocity
and of 170 u (170 x 10'1”6 m) for an 80 ft/sec (24.4 m/s) swirl velocity.
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Figufé 96. Parametric Effect of Gas Injection Velocity Difference
on Mass Median Dropsize (Basic Concentric Injector)

Tricentric With Centerbody. Among the concentric tube primary variables

mentioned above, only the swirl velocity does not apply to the tricentric
with centerbody concept. However, only three of these parameters (scale,
injection velocity difference, and mixture ratio) were investigated experi-
mentally with this element type. Results from these tests yield a 280 u

. (280 x 10"6 m) mass median dropsize for the appropriate mixture ratio and
thrust per element levels of the reference FLOX/CH4 sy;tem. Extrapolations
to the hot—fire Vg~V2 can be made from the cold-flow data, yielding a 185 u
(185 x 10-6 m) mass median dropsize., The various annulus gap dimensions are
also considered important but, because they were not varied independently,
no attempt was made to optimize the concept with regard to the gap dimensions*,
The addition of liquid post recess in the hot-fire model should also yield

a dramatic reduction in D if cold-flow trends from related injector concepts

are assumed. Thus, the tricentric with centerbody concept is expected to

yield extremely good atomization potential for the FLOX/CH4 sfsteme

Atomization Rating Summary. Five gas augmented injector concepts have been

compared on the basis of their hot-fire atomization capability as predicted

*This was done later in Task III and found to have considerable importance.
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from their coldnfiow mean dropsize curves. The basic concentric and concen-
tric with swirler concept designs were restricted by anticipated limits in
recess and VS because of injector face heat transfer and chamber compati-
bility, respectively., Considering the atomization characteristics alone,

the injectors are listed below in order of decreasing predicted performance.

1, Impinging goncentric

2, Basic impinging .

3, Tricentric with centerbody

4, Basic concentric (post recess = Dz)

5, Concentric with swirler (Vs = 20 ft/sec; 6.1 m/s)

The atomization potential variations between different injector types with each
optimized from cold-flow experimental data is not great, although at off-
optimum design conditions, extreme variations in atomization potentiai were
observed for all concepts tested. In rating the injector types, some consider-
ation has been given to potential dropsize reductions resulting'from intro- .
ducing liquid tubé recess to the impinging concentric and tricentric with
centerbbdy injectors. This reasoning was used to place the impinging concen-
tric injector above the basic impingiﬁg and concentric types, and to rate the
tricentric concebf above both ‘the basic concentric and concentric swirler
designs, Task I hothire data for both of the impinging elements indicate
good atomization for large thrust/element iﬁjectors. In addition, uncertainty
of the scale factor for the basic concentric and concentric swirler and lack
of mixture ratio data for the concentric swirler partially influenced low
ratings for these element types. ' '

Rating of Injector Mixing Potential

Because the cold flow propellant mixing facility has a higher thrust-per-
element test limitation, many of the scale extrapolations made in the atomi-

zation analysis were not needed. However, several interpolations and

R-8361
214



extrapolations are still necessary to determine the optimized mixing perform-
ance at the reference hot-fire operating conditions., These procedures are

described below for each of the individual injector concepts,

Impinging Concepts. Test results for all impinging type (i.e., basic impinging

and impinging concentric elements) injector concepts were presented in a pre-
vious section, Resultant mixing efficiencies have shown mixing to be a func-
tion of the liquid penetration parameter, Dg/Dg, the gas momentum flux, scale,
and the ratio of annulus to total gas flowrate. However, several of these
parameters (e.g., Xp/Dg, DQ/Dg’ and nggz) exert little or no influence on
FLOX/CH4 mixing efficiency when they are maintained within a given range,

The predicted mixing efficiencies for the FLOX/CH4 propellant system described

above are given in the follbwing section,

Basic Impinging. Selection of a penetration parameter in the range as

high as possible without increasing D (0.9) and a FLOX injection velocity of
approximately 100 ft/sec (30.5 m/s) yields liquid and gas orifice diameters
of 0.23 (0.58 x 1072 m) and 0.59 in. (1.50 x 1072 m); D,/Dy = 0.39. From
’the Task II data showing the influence of xp/Dg’ DR/Dg’ and'scale on mixing
efficiency, a mixing efficiency of approximately 97 percent may be predicted.
This high level is substantiated by the 99-percent combustion efficiency

attained with this concept in the first hot-fire test in Task I.

Impinging Concentric. The main difference between the basic impinging

and impinging concentric concepts is the presence of the annulus fuel flowrate
in the latter., The amount of annulus fuel was varied experimentally, keeping
the other flowrates and hardware constant, Results from these tests showed
mixing potential to decrease with increasing annulus flowrate, Therefore, a
relatively low percentage (20 pércent) of the total fuel will be assumed for
the annulus flowrate. With this assumption, the same procedure for N *mix
prediction may be followed with this concept as was followed with the basic
impinging. Again, the momentum flux in the center orifice exhibited little
influence on mixing in Task II cold-flow tests. To obtain the same XP/Dg

range (0.9) as selected for the basic impinging element performance prediction,
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the DQ/Dg must be increased significantly above the Task II test range (0.45

versus 0.33). However, extremely good mixing was obtained for LOX/GH2 with

this injector concept at a DR/Dg = 0,4 in Task I. Thus, extrapolation of
the Task ITI results (with Task I hot firing in mind) yields no significant
decrease in mixing efficiency at 0.45 DQ/Dgg Selection of 100 ft/sec (30.5
m/s) FLOX injection velocities and a 0.9 penetration parameter leads to

liquid and gas orifice diameters of 0.23 and 0.51 (0.58 and 1.30 x 10-2 m),

Under these conditions, a 99-percent mixing efficiency is predicted according

to Task II cold-flow data. Similar values of (n_,) . were obtained in long

c*/mix
L* hot-fire tests made with LOX/GH2 in Task I with a larger-scale injector.

Concentric Tube Concepts. Cold flow test results for all concentric tube

concepts were presented in a previous section. Resultant mixing efficiencies
have shown mixing to be a strong function of mixture ratio and post recess

and to vary also with the gas-liquid injection velocity differences, and scale
in the ranges tested. The methods used in the mixing analyses for each of

the concentric tube concepts are described below.

Basic Concentric Injector. To predict a mixing efficiency for the basic

concentric injector, the mixing efficiency must be extrapolated with regard
to the injection velocity difference (Vg—VQ) and the element scale. The

actual data points and extrapolated (dashed) curves are shown in Fig, 97

oy -~ FLOX/CH,
- —"‘" -
g Recess = 2Dy e - _7 Hot Fire
Q /O/ P -
s 90t -
a 'd
) Recess = Dy C)//’J
E MR = 5.7
e e Scale = 1200 1bf (5340 N)/element
70 s e ) e . ]
300 700 ‘1100 1500
(91) (213) .(335) (457)

ng\!29 ft/sec (m/s)
Figure 97. Gas Velocity Influence on Mixing Efficiency:
Basic Concentric Injector '
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Obviously the limited number of data make the extrapolation with Vg—VQ
rather difficult. As a best estimate, the predicted hot-fire mixing
efficiency for Vg—VQ = 1400 ft/sec (427 m/s) would be on the order of

98 percent for a recess equal to one or two liquid diameters. Task II
cold-flow test results in which the scale was varied indicate that, for
recess/DQ = 1,0, Em would decrease on the order of 5 percent from the cold-
flow element size used to obtain the above curve (D2 = 0,21 in,; 0.53 x
1072 m) to the hot-firing element size (D, = 0.45 in,; 1.14 x 1072 m, T/E =
5000 1bf; 22,200 N). The corresponding dgcline in (nc*)mix would be = 2
percent, but should be somewhat less for a deeper post recess (recess/D2 =
c*)mix
is about 98 percent.

2.0). The estimated (n for the reference design case with post recess

equal to Dz

Concentric Tube With Swirler., Only three cold-flow tests were made

in Task II with this concept. Relatively good mixing (nc*) = 95 percent)

was obtained in these tests. However, to predict a mixing 2;§iciency for the
reference FLOX/CH4 system, extrapolations are needed with respect to injec-
tion velocity difference, scale, and mixture ratio. These extrapolations had
to be made from the basic concentric tube data with subsequent application of
the observed influence of swirl velocity. Because the concentric tube with
swirler has zero recess, these extrapolations should also be made from basic
concentric tube data at zero recess. However, there is only one data point
with these qualifications, which limits the confidence level. The cold-flow
data reflects mixing efficiencies on the order of 95 percent with a liquid
orifice diameter of 0,21 in, (0.53 x 10';2 mj, Vg—vQ = 875 ft/sec (267 m/s)
and a 10.0 mixture ratio. However, the lack of data available for extrapo-
lation to the hot-fire operating parameters with regard to mixture ratio,
Vg-VQs and scale requires the assignment of a low mixing rating to this

injector concept.

Tricentric With Centerbody. Five cold-flow mixing tests were made in

Task II with this concept. Extrapolations were needed with respect to the
injection velocity difference (Vg—Vz) and the mixture ratio to predict mixing

efficiencies for the FLOX/CH4 system. The Vg-VQ extrapolation can be made
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directly from the cold-flow test data. No significant change in predicted
mixing efficiencies are seen when Vg-VQ varies from 600 to 950 ft/sec (183
to 290 m/s). Assuming no further change in mixing efficiency occurs when
this velocity difference is increased to 1500 ft/sec (457 m/s) yields a pre-
dicted mixing efficiency of 95 percent with a mixfure ratio of 10.0, No data
were taken in Task II with varying mixture ratio, so no direct extrapolation
to -the FLOX/CH4 5.75 mixture ratio may be made, However, the trend of the
effect of mixture ratio on mixing efficiency for the basic concentric indi-
cates a significant efficiency increase with decreasing mixture ratio. Thus,
the predicted mixing efficiency for the FLOX/CH4 system would be greater than
95 percent.

Mixing Analysis Summary. The injector concepts were rated in terms of mixing
potential based on analysis discussed in the preceding sections. In this
rating process, the overall confidence level in obtaining the mixing effi-
ciency prediction was also taken into account. The injector concepts"weré

rated w;th regard to mixing in the following ofrder:

L. Impinging~Concentric

2,. Basic Concentric (Recess/DQJ 2'1.0)
3. Basic Impinging Pentad

4, Tricentric With Centerbody

5. Concentric With Swirler
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TASK III, APPLICATION TO SPACE-STORABLE PROPELLANTS

Analyses and additional cold-flow simulation experiments were conducted in

Task III employing the element types chosen based on the Task II cold-flow test
results and analysis. These selected injection elements included the basic (re-
cessed) concentric, the tricentric with centerbody, and two thrust-per-element
sizes of the impinging concentric concept. Whereas the Task II results were
designed to characterize injector elements for general applicability to gas/

23 FLOX/CH4(
Task III the interest narrowed to the specific application to FLOX/CH
nominal 500-psi (345 x 104

liquid propellant systems (e.g., LOZ/GH g)’ and LFZ/GHZ)’ under

4(g) 2 ®
N/mz) chamber pressure. The Task III test matrices
were designed (1) to permit more direct interpolation of the cold-flow data to

the nominal FLOX/CH operating conditions (MR = 5,25 to 5.75, p_ of CH

. 4,7, _ R 4(g),
PC at 500 psi; 345 x 10 N/m”, etc,) and (2) to examine significant parameters
omitted or insufficiently tested in Task II, These data, when combined with
applicable Task II results, were intended to provide for further optimization
of the injector design concepts and to guide the selection of the two most

promising high thrust/element designs for Task IV hot~fire evaluation,

In accord with the performance analysis concepts presented in the Task I dis-
cussion, the injectors' influence on performance was considered to depend upon
their ability to atomize and uniformly mix the propellants, The cold-flow
experiments, with inert fluids, were used to simulate the atomization and mix-
ing characteristics of the selected injector concepts., As in Task II, the
-atomization experiments were conducted using -the molten wax technique and the
mixing experiments through the use of liquid and gas mass flux distribution

measurements.

R-8361
219



DESIGN OF COLD-FLOW INJECTORS

The cold-flow injectors were single element models designed to have the same
orifice dimensions as the hot-firing elements they modeled., Principal injector
design parameters for the respective injector types are discussed below. Where

feasible, existing Task II hardware was utilized,

Basic Concentric Injector Model

A nominal 5000-1bf (22,200 N)-thrust-per-element basic concentric injector was
designed with a 120 ft/sec (36.6 m/s) liquid injection velocity and .a 1500
ft/sec (457 m/s) gas injection velocity., These hot-fire injection velocities
were assumed because of limitations enforced by the cold-flow simulation fluids,
A lower more desirable hot-fire liquid injection velocity would require rela-
tively low cold-flow liquid velocities for the desired simulation, while a
higher hot-fire gas velocity would require cold-flow injection Mach numbers
greater than sonic. Thus, a 0.43-in. (1.09 x 10"2m) liquid post  inside diam-
eter, a 0.11-in, (0.28 x 10-2m) gas annulus gap and a post (wall) thickness of
0.035 (0.089 x 10—2m) was selected. This yielded liquid and gas injection areas
of 0.15 and 0.21 in.? (0,97 and 1.35 x 10'4m2), respectively. The primary vari-
ables investigated with the recessed basic concentric concept were post recess
and gas density. Post recess was adjusted by varying the length of the liquid
injection tube. The overall concentric element injector assembly was the éame
as used in Task II (Fig. 35). '

Impinging Concentric Injector Model

Two different element sizes were used for the impinging concentric injector
(four gas/liquid concentric jets impinging on a control gas jet) cold-flow

tests, Basically, element size was scaled according to the liquid post

_» with 0,19 and 0.40 in, (0.48 and 1.02 x 10™%m) used,
thereby simulating thrust-per-element sizes of 1250 and 5000 1bf (5550 and

(inside) diametexr, D

22,200 N) at a nominal FLOX injection velocity. The central gas orifice
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size, concentric gas annulus gap, and post thickness were always scaled accord-
into to Dz and were not varied otherwise, Another primary geometric variable
was the liquid to central gas orifice diameﬁer ratio, Dz/Dg, The cold-flow
injectors were designed to accommodate variation in Dg/Dg by using a series of
central gas orifice diameters while maintaining constant geometry in the four
concentric tubes. The collet chuck assembly applied in Task II was utilized

to facilitate changes in the orifices with these models as shown in Fig. 37.
The primary dimensions for the impinging concentric injectors are given in
Table 20. Not shown on the table is the fact that the liquid orifice posts in
the concentric tubes were recessed by one post ID for all Task III cold-flow

tests with this injector,

Tricentric With Centerbody Injector Model

The variables investigated using the selected 5000-1b (22,200 N)-thrust-per-
element tricentric with centerbody injector concept included the annulus gaps,
recess, and gas density. To accomplish this, both'the annulus gap dimensions
and the centerbody diameter were varied, Again the basic Task II injector de-
sign was used (see Fig. 38 ). The primary injectorvorifice dimensions for the

cold-flow tests with this concept are given below in Table 21.
EXPERIMENTAL APPARATUS, TEST PROCEDURES AND DATA REDUCTION

The Task III cold-flow distribution tests were conducted in the Propulsion
Research Area (PRA) and the molten wax atomization (dropsize) tests were made
at the Combustion and Heat Transfer Laboratory (CHTL) at Rocketdyne's Santa
Susana Field Laborétory, These facilities wére previously described in the
Task II section of this report along with the procedures used for both types of
tests, As mentioned in the Task I, the performance analysis approach used re-
quires evaluation of two principal modes of performance losses: incomplete

propellant spray vaporization, and imperfect mixing of fuel and oxidizer. The
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cold-flow tests characterizing these processes will be described in a subsequent
section. The applicable data reduction procedures were described in the Task II

section of this report.

COLD-FLOW TESTS AND RESULTS

A series of 42 cold-flow tests (23 atomization and 19 mixing tests) were con-
ducted under Task III using the molten wax and gas/liquid mass distribution
facilities. The following discussion details the cold-flow test matrices for

each of the selected Task III cold-flow models.

Basic Concentric Injector

Performance predictions based on Task II data showed Nex to be very sensitive
to the post recess of the large thrust-per-element basic concentric injector.
The main Task III concentric injector test objective was to determine the
amount of recess necessary to obtain the 96-percent combustion efficiency goal
with the nominal hot-firing system at the 5000-1bf (22,200 N)-thrust-per-
element level. In Task II, both the cold-flow gas injection velocity and

thrust per element were lower than anticipated for the FLOX/CH, hot-fire sys-

tem. In the Task III cold-flow tests, the gas injection velocgties and the
element size were adjusted to simulate these hot-fire conditions, The gas
density was another variable which was investigated. This allowed the extra-
polation to hot-fire densities which was required because the cold-flow tests

were made at ambient pressures (lower densities).

Six atomization and three mixing cold-flow tests were conducted with the re-
cessed basic concentric injector element. Primary variables for these tests
were the amount of post recess and the gas density, with all other operating
conditions held constant., The gas density was varied only in atomization tests
because of experimental limitations existing at that time on the mixing
facility. A summary of the test operating conditions along with the mass

median dropsize and Em attained is presented in Table 22.

R-8361
224



L°0S - |6z'¢| 801 I8z 216 |g°9 T A A i A A  \ A h | SvR
0°¢8 - |sos| tro1 |szz| st6 |8°s ¢ Ade
1°88 - jL1g | vUotT |6L2) vI6- 179 S YW
-- ¢ST |¥9°0f 1°C |Z9%| SIST |s°S S SL-V
-- tve loco| stz |sev| gsst |2t I vL-V
-- S61 |¢L70f v'z |89%| SEST [T°9 g qg .-V
-- 06T |[9L°0| S |[99%] 0EST [L°9 S BGL-V
-- 8ST |¢¥ 0] v°T 62| 080T |¥°S g zL-V
-- 8¥T {99°¢| 0°CTT j8ze| SLOT |8°S ¢ S¢°1 [12°0] 8670 |ST'0| 8Z°0 [T1T°0f 60°T |E¥'0O} TL-V
juedxed| OTXW| s/uid3s/3F|s/w|d9s/3F| WN| ¥ 0TX wj_-ut| QIX wj -uT{_ QIXW| "UT| QTXW| ‘UT| °-ON
aEm ] 10 a> a> -~ w> mmmmom - m . - M < me snTnuuy = ¥ 158l
n qm 1504 v v a

SISHL YOLDILNI DIYINIINOD DISvd d0 AYVIWWAS

ZZ H14VL

R-8361

225



The first two atomization tests were designed to investigate the influence of
gas density on the mass median dropsize. A post recess of three liquid diam-
eters was used in these open air tests with (essentially) constant mixture ratio
and constant V Vz, Because of the minor experimental variations in the test
mixture ratios, the values of D listed in Table 22 were corrected to a mixture
ratio of 5.75 (using Task II correlations) and are plotted in Fig., 98 . As
expected, increasing gas density descreased the mass median dropsize. For com-
parison, the methane injection density at a chamber pressure of 500 psi

(345 x 104 N/mz) and injection temperature of 800 R (44.4 K) is approximately
0.9 1bm/£t° (14.4 kg/m).

The amount of post recess was varied in the remaining atomization tests, These
data also were corrected by means of Task II results to account for any devia-
tions in mixture ratio from the nominal value of 5.75. The resultant mass
median dropsizes are plotted in Fig. 99. Note that the effect of increasing
post recess lessens considerably for this element at post recesses greater than
three liquid diameters. An analogous result was seen in the investigation of
the post recess influence on mixing efficiency. These data, plétted in Fig.100,
show a 20-percent increase in M as the amount of post recess increases
from one to three liquid dlameters, but only a 2 percent further increase as

the post recess was changed from three to.five liquid diameters.

Impinging Concentric Injector

Eight atomization tests and seven propellant mixing cold-flow tests were con-
ducted with the impinging concentric injector concépt, A summary of the
operating conditions for all Task III impinging concentric injector tests is
given in Table 23, Primary variables for these tests included overall mix-
ture ratio, annulus mixture ratio, center gas momentum flux, the liquid-to-

center gas orifice diameter ratio (Di/Dg)g-and scale*, Note that for all

*The liquid penetratlon parameter, X /Dg’ which is another significant

parameter, was not further investigated under Task III, For these tests,
Xp/Dg was maintained within a range of values where it should not influence

the test data.
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these tests the concentric orifice oxidizer posts were recessed by a length of

one post (inside) diameter,

The initial parameter investigated was the overall mixture ratio. Overall
mixture ratio previously appeared to exert no effects on basic impinging in-
jectors independent of the other parameters described in the preceding para-
graph. The impinging concentric is a hybrid concept, however, and based on
the basic concentric results there was concern that changing mixture ratio
might influence the contribution of the annular gas streams toward atomization
of the liquid. The center gas momentum flux, percent annulus gas (Dg/Dg)a
annulus gap, and scale were maintained constant. The mixture ratio changes
were accomplished at constant XP/Dg by simultaneously varying the gaseous simu-
lant density (GN2 or GHe) and liquid injection velocity. Results plotted in
Fig. 101, suggest that the mass median dropsize is independent of overall mix-
ture ratio for the conditions tested. This is in accord with results obtained

with the basic impinging injector concept in Task II.

In Task II, impinging concentric injector characterization changes in DZ/Dg
were accompanied by a variation in the concentric tube mixture ratio*. A series
of atomization and propellant mixing tests was run to distinguisﬁ separate
influences of these parameters. For both mixing and atomization tests, Dz/Dg
was varied both with and without concentric tube mixture ratio changes while
holding all other parameters in ranges where no variance in (nc*)mix or D had
been observed in previous tests, The combination of these two procedures
yielded in the independent effects of both bZ/Dg and concentric tube mixture
ratio changes. Results for both propellant mixing and atomization tests simu-
lating FLOX/CH4 are shown in Fig., 102. Mixing efficiency decreased from
approximately 96 to 91 percent as Dg/Dg increased from 0.42 to 0.58 at con-

stant coaxial tube mixture ratio (MR Also, mixing efficiency decreased

tube)'

*The concentric tube mixture ratio, or &2/(Wg) can be considered an

ann?
alternate to '"percent annulus gas' as an operating parameter.
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Figure 102.

Atomization:
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from approximately 96 to 94.3 percent as the concentric tube mixture ratio in-
creased from 22,7 to 31,5 at constant Dz/Dg° The median dropsize, D, increased
(decreased vaporization efficiency) with increasing DQ/Dg and also increased
with the concentric tube mixture ratio, as expected. The effect of concentric
tube mixture ratio is in qualitative accord with the mixture ratio effects ob-
served in the Task II basic concentric injector tests, while the effects of
DQ/Dg are similar to the Task II basic impinging element test results. This
illustrated the hybrid nature of the impinging concentric injector concepts.,
In summary, Dz/Dg and MRtube (or alternatively the percent annulus gas) exert
independent effects on both atomization and mixing. Increasing DQ/Dg beyond
about 0.45 appears to adversely influence both (nc*) and (nc*)mix potential

vap

as would any increases in MR within the range tested.

tube
The Dg/Dg and scale effects on both propellant mixing and dropsize are illus-
trated in Fig. 103, The DQ/Dg test data were described in the preceding para-
graph, Increasing 'scale (e.g., as indexed by Dz or Dg) yields a large decrease
in both mixing and atomization (vaporization) efficiencies at constant Dz/Dg.
As D2 was increased from 0.19 to 0.40 in. (0.48 to 1.02 x 10—2m), mixing ef-
ficiencies dropped from approximately 95 to 67.5 percent while the mass median
dropsize almost doubled. Note that for both levels of scale (Dz ), the DR/Dg

effects were similar,

The remaining parameter 1nvest1gated in Task III with this 1n3ector concept was

the center gas momentum flux (p \Y ) Results of varylng this parameter

(over the range feasible under atmosSﬁZi?Z pressure test conditions) are pre-
sented in Fig. 104. As expected, the mixing efficiency increased and the mass
median dropsize decreased with increasing center gas momentum flux. Because
the center gas momentum flux for the FLOX/CH hot-fire system would be 10 to 30

times the largest (p V ) in these cold flow tests, the predicted per-

center
formance for the hot-flre conditions would be considerably higher than attained

under cold-flow conditions,
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Figure 104, Effect of Center Gas Momentum Flux on Mixing and
Atomization: Impinging Concentric Concept
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Tricentric With Centerbody Injector

Nine atomization and nine mixing tests were conducted in Task III with the tri-
centric with centerbody injector concept. Operating conditions for these tests
are given in Table 24, The parameters investigated include plug diameter, an-
nulus, liquid annulus recess, Vg~v2, and gas density. In all fests the inner
and outer annulus gas velocities were equal. The liquid injection velocity

(Vz) was allowed to vary to achieve the selected mixture ratio.

The initial tests with this injector concept were designed to investigate the
effect of varying each of three annulus gaps independently*, The mixture ratio
and gas velocities were held constant for these tests but Vz was allowed to
vary. The results are plotted in Fig.1l05 and 106 for mixing and atomization
tests, respectively. Mixing efficiency increased in the range tested with de-
creasing inner or outer gas gaps or with an increasing liquid gap while the
mass median dropsize was decreased by increasing the inner gas gap or decreas-
ing the outer gas and liquid gaps. However, examination of the data indicated
the results may be more readily interpreted by expressing the geometric changes
in terms of (1) the inner to outer gas gap ratio, and (2) the inner to outer
gas injection area ratio. This area ratio parameter is equivalent to the inner
to outer gas flowrate ratio because both the inner and the outer gas velocities
were held constant., The data from Fig, 105 and 106 were therefore replotted
against the gas injection area ratio in Fig. 107 with the gas gap ratios noted.
This leaves some question as to which of these two parameters are the most
significant., However, one set of relative optimum conditions can be picked
from this plot for the hot-fire model. Note that the mixing efficiency varied
considerably more over the range of (Ain/Aout)g while the mass median dropsize

doesn't; i.e,, specifically (nc*)vap based on combustion model calculations

*For the tricentric concept, two additional degrees of freedom become
available compared to most conventional injector element types. Thus,
even for fixed total flowrates, mixture ratio, and injection velocities,
a pair of geometric parameters may be varied.
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varied from approximately 97 to 94 percent with the changes in D, while
(Ned pix
relatively optimum hot-fire conditions would be taken from the peak of the mix-

out)g 2.4 and (Ain/A 1.0,

(Fig. 107) ranged from about 86 to 96 percent. Therefore, a set of

ing curve, i.e., (Yin/Y out)g
The effect of recessing the liquid jet annulus is illustrated in Fig. 108 for
both mixing and atomization. Note that recessing the liquid annulus a distance
of three liquid gaps had a favorable effect on both mixing and atomization,
This amount of recess increased the mixing efficiency from 96 to 98 percent
while decreasing the mass median dropsize attainable from 165u to 150u (165 to
150 x 10_6m), which would increase vaporization efficiency from approximately
95.5 to 97 percent. It should be noted that the actual depth for this concepty

three liquid gaps or about 0.3 ih. (0,76 x 10-2n0 was much less than that re-
quired (1.2 in, 3.05 x 10—2m or greater) for good atomization and mixing with
the basic concentric concept presented earlier.

In Fig. 109, results are presented whereby Vg-V was varied from 700 to 900

ft/sec (213 to 274 m/s) in mixing tests and.froﬁ 1100 to 1600 ft/sec (335 to
488 m/s) in atomization tests. The predicted mixing efficiency remained almost
constant with AV; however, the mass median dropsize was decreased from 170u

to 150p (170 to 150 x 10_6m) An additional data point, in which the gas density
was varied, is shown on the mass median dropsize curve in Fig. 109, This point
represents an anomaly in the data in that the gas density was increased at con-
stant operating conditions resulting in an increase rather than a decrease in
mass median dropsize. The operating parameter believed responsible for this
anomaly is the liquid injection velocity which increased by a factor of 8 when
the gas density was increased. The effects of this variation could negate any

effects of the gas density variance,
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COMPARISON OF TASK II AND III DATA

One of the objectives of Task III was to supplement the data taken in Task II,
thereby providing more cold-flow definitive curves for application to the
FLOX/CH4 propellant combination, Selected Task II data were replotted with
appropriate Task III data and are discussed below according to injector type.

Only those parameters are discussed which were investigated in both Task II and
I1I.

Basic Concentric Injector Concept

As reported in the preceding section, the basic concentric tube injector operat-
ing parameters investigated in Task III were the gas density, the amount of

post recess, and the relative gas velocity., Combined Task II and III test re-
sults with this injector concept are presented in Fig.110 and 111 ., In Fig,110,
the atomization results are compared for several cases as a function of the
gas-to-liquid velocity difference. Although each curve presented in this figure
differs in mixture ratio or the amount of post recess, the general slope of all
curves is constant., The expected improvement in atomization with lower mixture
ratios and higher gas velocities is evident in this figure. With a recess of
three post diameters, the larger-scale (D£= 0.43 in, 1.09 x 10-2m) element
seemed to provide slightly better atomization than the one used in Task II

(Dy= 0.28 in.; 0.71 x 107°m) with a recess of 1.0 x Dy . In addition, the
asymptotic nature of these curves as Vg'YQ increases above 1000 ft/sec (305 m/s)
is illustrated in this figure, thus indicating an insignificant effect at

VguVﬁ = 1500 to 2000 ft/sec (457 to 610 m/s).

The effect of scale (indexed by Dy) for constant operating conditions on both
atomization and mixing is illustrated by combining Task II and III data in

Fig, 111. Note the change in slope in the atomization curve as the liquid
diameter (scale) decreases below approximately 0.25 in, (0.64 x 10"2m), At
liquid diameters larger than 0.25 in. (0.64 x lO”zm), the slope of the atomiza-
tion curve is approximately 960u /in,—Dz (378 x 10 4m/m~D£ ). However, this
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slope is drastically reduced at smaller liquid diameters, i.e., to approxi-

mately 90u/in.-D2 (35 x 104m/m—D2) at 0,1 in, (0.25 x 10°2m) liquid diameter.

Increasing the scale has a similar effect on E n’ i.e., Em is decreased by ap~
prox1mate1y 40 percent as D (scale) 1ncreased from 0.21 to 0.62 in, (0.53 to
1.57 x 10~ m)

Impinging Concentric Injector Concépt

Several differing impinging concentric injector geometries were tested in

Task II and III. These data are plotted together in Fig.112 and 113. As indi~
cated in the figures, some other parameters of the Task II and III data differ,
notably Xp/Dg and annulus gas velocity; however, it was concluded that this
effect would be secondary (in the range over which they were varied) compared
with those of Dz and Dﬁ/bg*' Rather consistent trends are indicated as a func-
tion to the geometric parameters, and, in addition, conditions conducive to

good atomization (low D) tend to produce good mixing (high Em);,

Tricentric With Centerbody Injector Concept

Tricentric element cold-flow atomization data from Tasks II and III are plotted
together in Fig. 114. The mixture ratio was approximately 5.75 (minor varia-
tions) for these tests. If the difference in gas density between Task II and
Task III data is ignored; the combined data in Fig, ll4provides a curve of D
versus Vg-Vz from 300 to 1500 ft/sec (91 to 457 m/s) for fixed orifice geom-
etry, i.e., (Ain/A ). =1,0 and (Y. /Y = 2,1 to 2,4 (the obvious in-

out’g in out)
fluences of different (A1n out)g and 11qu1d annulus recess have been de-

scribed previously,) A big improvement in D occurs as Vg‘VQ goes from 300 to
about 900 ft/sec (91 to about 274 m/s); subsequently , D decreases at a lower

rate,

*Further correction to account for differences in X /D is feasible, but
was not done in plotting Fig. 113, g
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HOT-FIRE INJECTOR RATING AND SELECTION

The cold-flow atomization and mixing experiments completed under Task III were
designed to simulate a selected FLOX/CH4(g) propellant system., The application
of these data to predict performance capabilities of the Task III injector con-
cepts 1is described below leading to partial design optimizations, an overall
rating of the three injector concepts, and a selection of the injectors to be

evaluated in Task IV hot-firing tests,

The nominal design requirements used for evaluation and comparison of the in-

jector concepts in Task III are listed as follows:

1. FLOX/CH4(g) propellant combination

2. 5.75 mixture ratio

3. 160 R (88,9 K) FLOX injection temperature

4, 1700 ft/sec (518 m/s) gas injection velocity (maximum)

5. 420-psid (289 x 104N/m2) liquid injection pressure loss (maximum}
6., 10-psid (6.9 X 104N/m2) liquid injection pressure loss (minimum)
7. 5000-1bf (Zé,ZOON) (Qacpum) thrust per element

8. 500-psi (345 x }04N/m2) chamber pressure

9, 30-in. (0.76m) éhamber characteristic length

10. 2.0 chamber contraction ratio

With the exception of the gas injection velocity and the liquid injection pres-
sure drop, all of the above parameters were fixed for the performance rating.
These two design parameters along with the orifice geometry were optimized with
regard to predicted atomization and mixing for each injector type., The opti-
mized concepts were then compared under three categories, i.e., their predicted

capacity for (1) propellant atomization, (2) propellant mixing, and (3) chamber
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compatibility. In this rating process, the overall confidence level of the
cold-flow data and of necessary extrapolations from cold-flow to hot-firing
test parameters was also considered. The relative ratings of each injector in
the atomization, mixing, and chamber compatibility (heat transfer) categories
determined the overall injector rating from which the most promising concepts
were selected for use in the Task IV hot-fire tests. These rating processing

are described in the following sections.

Atomizing Rating Process

The Task II and III atomization experiments were used to predict individual in-
jector atomization characteristics under hot-fire conditions. These data have
been previously presented for each individual injector concept. This section
reviews the method used to optimize and compare the three injector concepts on
the basis of atomization alone. The injectors are rated using the mass median
dropsizes attained in cold-flow tests with wax as the liquid propellant simu-
lant, Several liquid property corrections for differences in the liquid den-
sity, surface tension, and viscosity have been used in past investigations to
yield the droplet distribution that would be obtained with the hot-fire liquid
propellant. However, there remains uncertainty as to the validity of such cor-
rections. In any case, the corrections would uniformly affect mean dropsizes
of all injector concepts being rated and so they were not applied in this

study.

Basic Concentric Injector. Task II and III cold-flow tests with the recessed

basic concentric injector concept indicate: the post recess-to-liquid diameter
ratio should be 3.0 or greater, the maximum available gas injection velocity
(1700 1b/sec; 518 m/s) should bé employed, and the liquid orifice size should
be minimized. The latter conclusion is dependent upon Task III test data

which indicates an improvement in atomization as the scale is decreased. How-
ever, the effect of liquid injection velocity was not determined experimentally

because of the limited number of tests. The improvement seen by reducing the
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liquid diameter could be negated by a deterioration caused by the liquid veloc-
ity increase (at constant liquid flowrate). However, no liquid velocity cor-
rection is available at the present time, and the available data do not permit
an accurate analysis of the specific tradeoff between Dl and VQ.
Task III cold-flow tests with this concept simulated a 275-psi (189 x 104N/m2)
FLOX injection pressure drop. Selecting a post recess-to-liquid diameter ratio
of three and V_ = 1700 lb/sec (518 m/s) yields a mass median dropsize of 140u
(140 x 10_(%) %rom Task III results (Fig.l110 ) at a mixture ratio of 5.75.

With this injection AP, the liquid orifice diameter (Dz) for the required thrust
level would be 0.43-in. (1.09 x lO—Zm). Correcting this dropsize to the hot-
fire gas densities according to the Task III data yields a mass median dropsize
of 130u (130 x 10—6m) for the propellant simulant. This number is contingent
upon the ability to recess the post by three liquid diameters without incurring
injector overheating. In addition, as stated above, no correction was available

for the increased liquid injection velocity.

Impinging Concentric Injector. Cold-flow results with the impinging concentric:

injector concept have isolated specified ranges for several individual operating
parameters for attainment of of optimum performance. However, hot-fire operat-
ing conditions don't permit simultaneous employement of all these optimized
parameters. As a result, several significant design tradeoffs are necessary,
. 2 *
the most notable of which are: 1 V " versus X_/D 2) D,/D_versus T
(1) oV, o/Dg> (2 Dy/D, g

and (3) percent annulus gas versus Xp/Dg.

In determining the optimum performancé with this injector concept, atomization
and mixing must be considered together because the operating conditions in

which the best atomization potential is attained will not necessarily have the
best mixing potential. Therefore, the overall performance was calculated for

each of the design tradeoffs described above and was used to determine the

*With all other parameters constant, the fuel injection temperature describes
the fuel injected momentum flux with a gaseous propellant.
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optimum design conditions for the FLOX/CH4 propellant system. These optimum
operating conditions were found to be D'Q = 0.194 in. (0.493 x 10~ m), R/Dg =
0.3, XP/Dg = 0.95, 20 percent of the fuel in the concentric tube annuli,4and2
an injected fuel temperature of 1100 R (611 K) (ngg = 410 psi; 282 x 10 'N/m"7).

In calculating the mean dropsize, the initial value was taken from the Task III
curve (Fig. 103) at D, = 0.194 in. (0.493 x 10-2m) (this is the necessary
orifice diameter to meet the required FLOX injection flowrate at the maximum
(AP). 3 of 420 psi; 289 x 104N/m2) and the appropriate DQ/D . Corrections

were then made for (1) the appropriate XP/D from Task II data F1g 60 , (2)
the concentric tube mixture ratio from Task III data, Fig. 102, and (3) the
center gas momentus flux from Task III data, Fig. 104. The optimum conditions
resulted in a corrected mass median dropsize of approximately 240u (240 x 10~6m)
for the propellant simulant (molten wax). No data were available to correct
this value for the higher annulusgas velocities available in hot fire ((Vann)HF=

3 (Vann)CF). This correction would lower the above prediction.

Tricentric With Centerbody Injector. Cold-flow tests conducted in Tasks II and

III with the tricentric with centerbody injector concept indicated the maximum
gas injection velbcity (1700 ft/sec; 518 m/s) and the minimum liquid injector
pressure drop (i.e., minimum liquid injection velocity, in this case 25 ft/sec
or 7.6 m/s) should be employed. Optimizing the annulus gap dimension over the
range of conditions tested under Task III yields a nominal inner to outer gas
injection area ratio of 1 and an inner-to-outer gas gap ratio of 2.4. In ad-
dition, the post recess-to-liquid gap ratio of the hot-fire geometry was ar-
bitrarily limited to three (approximately 0.3 in.; 0.76 x 10-2m). These
parameters were used as a design point, together with injection areas, for the

mass median dropsize prediction.

R-8361
255



Cold-flow tests in Task III (Fig.107 and 108) yield the initial dropsize of
150u (150 x 10-6m) for the optimum (Ain/Aout)g’ (Yin/Yout)g’ and post recess
mentioned above. The above mentioned mass median dropsize was corrected to a
25 ft/sec (7.6 m/s) injection velocity (Az = 0.7 in.z; 4.5 x 10_4m2) from the
Task III data, but was not corrected for gas density (because no correction is
available for this element type). The Task III data yielded a correction for
the 11qu1d area change necessary to decrease the velocity; i.e., AD/AA

225 u/ln (35 x 10 m/m ) in the range of liquid areas from 0.21 to 0.32 in. 2
(1.35 to 2.06 x 10~ m ). Extrapolating these results to a liquid area of
0.7 in.? (4.5 x 10'4m2) yielded mass mean dropsize of 40u (40 x 10—6m); The
correction for the gas injection velocity from the cold-flow test conditions of
1525 ft/sec (465 m/s) to the 1700 ft/sec (518 m/s) maximum was made by extra-
polating Task II and III test data. This yielded an optimum mass mean dropsize

of 35u (35 x 10_6m) for the propellant simulant.

Atomization Rating Summary. The three gas augmented injector concepts were

compared on the basis of their hot-fire atomization potential as predicted from
their cold-flow median dropsize curves. Considering these atomization char-

acteristics along, the injectors are ranked below.

1. Tricentric with centerbody (D = 35u; 35 x 10'6m)
2. Recessed basic concentric (D = 130u; 130 X 10'6m)*

3. Impinging concentric (D = 240u; 240 x 10_6m)

Vaporization efficiencies of 100, 99, and 88 percent would be predicted re-
spectively from the mass median dropsizes with no liquid property corrections

used.

*This dropsize depends on the feasibility of rece531n§ the LOX post by three

post diameters, or approximately 1.2 in. (3.05 x 10~ If 1nJector face

heat transfer reduces the allowable recess to, for example, 0.4 in. (1.02 x
0-2 m), the predicted D would rise to 290y (290 x 10- 6m),
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Propellant Mixing RatiggﬁProcess

The Task II and III cold-flow mixing tests were used to predict individual in-
jector mixing characteristics under hot-fire conditions. These data have been
previously presented for each individual injector concept. The procedures used
to optimize and compare the three injector concepts on the basis of mixing alone

are described below.

Basic Concentric Injector. As mentioned in the atomization rating section,

cold-flow tests with the recessed basic concentric injector concept indicate the
maximum gas injection velocity (1700 ft/sec; 518 m/s) and a minimum scale should
be employed along with a post recess-to-liquid diameter ratio of three or
greater. These parameters were used as the design point for the prediction of

the highest mixing efficiency attainable with this injector concept.

Limiting the post recess to liquid diameter ratio to three, yields a mixing ef-
_ficiency of 93 percent from Task III cold-flow data in which a 275-psi (189 x
104N/m2) FLOX injection pressure drop and a Vg—Vl of 925 ft/sec (282 m/s) was
employed. Unlike the case for the atomization rating for this concept, the
change in liquid post diameter associated with an increase in FLOX injector
pressure drop to the maximum value of 420 psi (289 x’104N/m2) has an insignifi-
cant effect on the predicted mixing efficiency. In addition, no gas density
correction may be made because density was not investigated experimentally.
However, a correction was made to increase Vg-Vz to the value specified in the
above mentioned FLOX/CH4 system. This correction was obtained from the Task II

data (Fig. 55) assuming the trends with Vg—V to be parallel with the larger

L ,
recess and liquid diameter. Results from this extrapolation yield a 97-percent
mixing efficiency for the recessed basic concentric injector concept. This
value is contingent upon the ability to recess the post by three liquid diam-

eters without incurring injector overheating.
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Impinging Concentric Injector. Several design tradeoffs with this injector

concept are described in the atomization rating section. The same tradeoffs
were analyzed to determine the optimum mixing potential; (1) (pgvgz) versus
Xp/Dg, (2) Dz/Dg versus Tg’ and (3) percent annulus gas versus Xp/Dg‘ Again
the optimum conditions were chosen by comparing the overall performance for
these design tradeoffs because optimum atomization and mixing do not occur at
the same operating conditions. These optimum operating conditions were found
to be D)= 0.194 in. (0.493 X 10™%m), DyiDy = 0.3, X /D= 0.95, 20 percent of

the fuel in the concentric tube annuli, and an injected-fuel temperature of

1100 R; 611 K (nggz - 410 psi; 282 x 10*N/m?).

In all cases, the initial value of mixing efficiency was taken from the Task III
geometric curve for D2 = 0.194 in.; 0.493 x 10—2m (AP = 420 psi; 289 x 104N/m2)
and the appropriate Dz/Dg' Corrections were then made for the appropriate Xp/D
(Fig. 61 ) and the center gas momentum flux (Fig. 104). The optimum conditions

listed above yielded a predicted mixing efficiency of 99.5 percent.

Tricentric With Centerbody Injector. As mentioned in the atomization rating

section,. the cold-flow tests conducted in Task II and III resulted in selecting
the maximum gas injection velocity of 1700 ft/sec (518 m/s), a nominal inner-to-
outer gas injection area ratio of 1.0, and an inner-to-outer gas gap ratio of

2.4. In addition, the post recess-to-liquid gap ratio of the hot-fire geometry
was again limited to three. These parameters were used as the design point for

the prediction of the mixing efficiency.

Task IIT mixing limited performance data yielded an initial predicted mixing ef-
ficiency of 98 percent for the optimum inner-to-outer gas area ratio, gas gap
ratio, and post recess mentioned above, but at a gas injectioh velocity and
liquid injection velocity of approximately 900 ft/sec (274 m/s) and 75 ft/sec
(22.9 m/s), respectively. This initial mixing efficiency was corrected from
Task IT and III extrapoiations to account for an increase in Vg to 1700 ft/sec
(518 m/s) and to a decrease in the liquid injection velocity to the 25 ft/sec
(7.6 m/s). These corrections resulted in a 99-percent mixing efficiency pre-

diction for the tricentric with centerbody injector concept.
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Mixing Rating Summary. The injector concepts were rated in terms of mixing

potential from the preceding section as predicted from their cold-flow mixing
experiments. . Considering these mixing characteristics alone, the injectors are
listed below in order of decreasing predicted mixing performance.

1. Impinging concentric, (nc*) = 99.5 percent

mix
2. Tricentric with centerbody, (nc*)mix = 99 percent
3. Recessed basic concentric (nc*)mix = 97 percent

Heat Transfer RatingﬁProcess

No heat transfer data were obtained in the Task III tests. However, because
thrust chamber heat transfer is so largely determined by the combustion environ-
ment, considerable qualitative information about injector/chamber compatibility
can be obtained by examination of the predicted mass flux and mixture ratio
along the injector periphery. Additional guidance was obtained from relevant

hot-firing experience with several of the injector element types.

With oxidizers such as fluorine, liquid oxygen, or FLOX, experience has shown
high mixture.ratio zones are especially prone to produce wall erosion and/or
overheating. Therefore, the injectors~may be rated to some extent according to
their tendency to produce relatively high liquid (oxidizer simulant) fluxes near
the edges of the measured spray field. As previously discussed, the impinging
concentric elements show a tendency for the oxidizer simulant to move toward
the outside more rapidly than the fuel (gas) simulant, although recirculation
of fuel-rich gases and some spray turning by axially directed combustion gases
may alleviate this condition. In addition, the basic concentric injectors
began to show higher mixture ratios near the edges of the spray field as the
amount of post recess was increased from one to five liquid diameters. The

tricentric with centerbody elements did not show this effect.
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Considering next the pertinent hot-firing experience, basic concentric elements
have a rather widespread reputation for relatively low heat fluxes. This was
shown in work done under NASA Contract NAS3-11191 where concentric element in-
jectors produced heat fluxes about half as high as a basic impinging pentad.
However, the basic concentric has never been hot-fired with as much post recess
as -recommended herein for good performance. The possibility of injector face
heat transfer problems becomes higher at the larger values of post recess, es-
pecially with hypergolic propellants such as FLOX/CH4. In contrast, the singie
element, high-thrust, impinging concentric inject concept tested in Task I has
demonstrated satisfactory injector heat transfer characteristics over a wide
range of chamber pressures and mixture ratios with LOX/GHZ.
From the above-mentioned considerations, the injector concepts were rated with

regard to injector and chamber heat transfer in the following manner:
1. Tricentric with centerbody
2. Impinging concentric

3. Basic concentric

Overall Injector Rating and Selection

As a result of the preceding analysis, the injector concepts tested in Task III
were rated according to their applicability to the FLOX/CH4 propellant system
previously specified. The tricentric with centerbody concept was rated first
because of its overall high rating in each categroy. The impinging concentric
concept had a number one rating in the mixing category and was intermediate in
the heat transfer rating because of the hot-fire performance and heat transfer
capabilities observed in Task I hot-fire tests. An additional factor in favor
of this element type was the Task I hot-firing experience in which it provided
good performance with LOX/GH2 under conditions similar to those required in
Task IV tests. Thus, the impinging concentric element was given an overall

rating of second. The basic concentric injector concept was rated relatively high
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in atomization but last in mixing. In addition, the basic concentric was rated
last in the heat transfer category because of possible injector face burning in
the recessed liquid post. Thus, this concept received an overall rating of

third. In summary, the following ratings were made for the Task III injector

concepts:

1. Tricentric with centerbody
2. Impinging concentric

3. Basic concentric

It was predicted that all of the injector concepts in this list would be capable
of attaining the performance goal of 96-percent combustion efficiency with the
FLOX/CH4 propellant system. The top two injector element concepts were recom-

mended for the Task IV. hot-firing tests.
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TASK IV, SPACE-STORABLE TESTS

The Task IV phase of the program was essentially a hot-fire testing phase to
demonstrate feasibility of the gas augmentation principle with the FLOX/
methane (gas) propellant combination. The objectives of these tests were to
investigate performance, stability and throttleability of two injector con-
cepts, the tricentric with centerbody and the impinging concentric, which
evolved from Tasks II and III. The performance gral was 96-percent c*

efficiency.
HARDWARE DESIGN
Injectors

As mentioned above, the injector concepts selected for hot-firing evaluation
were the impinging concentric and the tricentric-with-centerbody types, each
designed as a single element (5000 1b; 22,200 N thrust) injector. The selected
test matrix, described in a later section of this report, required several
orifice size changes. 'Thus, both the impinging concentric and the tricentric
with centerbody injector concepts were designed with individual interchange-
able orifice sizes. Each injector was designed to employ Rigimesh injector
face coolant using 5 to 9 percent of the main fuel flowrate. However, the
Rigimesh was later replaced with a graphite or ablative liner during the test
series with each injector because of burning of the uncooled part of the
injector face, In addition, both injectors were designed (for heat transfer
reasons) with zero liquid orifice recess; however, each injector was altered
during the test series to employ recess to increase injector performance.,

In the impinging concentric injectors, this was accomplished by shortening
the liquid (center) posts in the concentric tubes, while for the tricentric-
with-centerbody injector the liquid annulus tubes were recessed. The liquid
orifice length-to-diameter ratios were always maintained sufficiently large
to ensure repeatable turbulent flow characteristics. The injector designs

are individually described below in more detail.
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Tricentric with Centerbody Injector Design. The shear of the gas surrounding

the liquid stream exerts a primary influence on mixing and atomization with
the tricentric-with-centerbody injector concept. In this injector concept, a
solid center plug is surrounded by a gaseous fuel annulus, a liquid annulus,
and another gaseous fuel annulus, respectively, with increasing radius. Cold-
flow tests in Task II and III indicated optimum inner-to-outer fuel annulus
area ratio and optimum inner-to-outer fuel annulus gaps to be approximately
1.0 to 2.4, respectively. Using these values for the baseline injector

design along with (1) a maximum fuel velocity (1770 ft/sec; 539 m/s) within
both annuli, (2) a maximum fuel injection temperature (1100 R; 611 K)¥, and
(3) a 0,035 (0.089 x 10—2m) wall thickness™”™ results in a tradeoff between

two remaining design degrees of freedom, the diameter of the centerbody and
the liquid injection velocity. This tradeoff was to be investigated experi-
mentally, For the baseline injector, a nominal VQ = 75 ft/sec (23 m/s) and
Dplug = 0,25 in, (0.64 x 10_2m) were selected.,

A number of injector dimensions were varied to complete the test objectives.
Plug diameter variations and individual annulus gap variations were accom-
plished by use of interchangeable manifold and orifice parts in a manner
similar to that used in the cold-flow injector fabrication. The main differ-
ence was the added precaution of avoiding intermanifold seals in the hot-fire
injector design. The tricentric-with-centerbody injector dimensions are

presented in Table 25, and a typical sketch is presented in Fig. 115,

Impinging Concentric Injector Design. This configuration consisted of four

liquid-gas concentric elements self-impinging on a central showerhead gas
stream., This injection pattern is similar to the recessed impinging concen-
tric injectors hot fired under Contract NAS3-7962 and under Task I of the

*The maximum fuel injection temperature was set by anticipated facility
limitations. In order to not exceed a 0.9 Mach number, the maximum fuel
injection velocity was therefore set at 1770 ft/sec (539 m/s).

**To eliminate tube tip recirculation and therefore tube burning, the FLOX
injection tube ends were chamfered 10 deg (0.17 rad) from the fuel side to
yield a tube tip thickness of 0,010 in. (0,025 x 10‘2m) at the exit.
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TABLE 25

TRICENTRIC WITH CENTERBODY INJECTOR DIMENSIONS

Inner Fuel Annulus Oxidizer Annulus Outer Fuel Annulus
in YQ Yout
ID oD (gap) Ain ID QD (gap) AQ ID oD (gap) Aout

in. [mx1072| in. |mx107?| in. |[mx107?| inZ? [m%x20™*| in. |mx107?| in. |[mx107%| in. |mx107?| in2|m®x107*| in. {mx107?| in. [mx107?| in. |mx1072| in.?|{m%x10?
0,181} 0.460(0.,400] 1,016}0,110| 0.2790,100 0.64510,470| 1.19410.609{ 1.547|0.070| 0.178]0.118 0.76110.679] 1,72510.767| 1.948|0.044] 0.112]0.100| 0.645
0.253] 0.643|0.443| 1,12510,095| 0,241]0.103 0.664 {0,507 1.288]|0,746] 1,895|0.119| €.302|0,234 1,509/0,821| 2,085|0,891| 2,263]0.035] 0.089]0.098| 0.632
0.434) 1.,10210.564} 1,43310.065| 0.165)0.102 0.65810.635) 1,613)1.136] 2.,885}0.253| 0.643]0.703 4,53411,212] 3.07811,264| 3.211|0.027| 0.069{0.105] 0.677
0,433} 1.,100]0.579| 1,4710.072] 0.183[0.115 0.74210.,647) 1.643/0.848] 2.154]0.101| 0.257]0.236 1,522]0,918} 2.,332{0.970] 2.464]0.026) 0.066)0.077| 0.497
0.433| 1.100(0.579} 1.471}0.072} 0.18310,115 0.74210.6477 1.64310.848% 2.15410.101] 0.2570.236 1,52210.918}) 2.33210.992] 2.520]0.037] 0.094 |0.115] 0.742
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subject program., The main difference is a change in the included angle be-
tween the impinging concentric streams from 120 to 90 deg (2.09 to 1.57 rad)
to accommodate, with FLOX/CH4, a range of liquid penetration distances similar
to those evaluated with LOX/GHZ. This change altered the shape of the reces-
sed cup, reduced the cup depth and the resultant liquid impingement point
moved from the injector face plane to approximately 0.45 in, (1.14 x 10—2m)

downstream of the injector face.

Two FLOX injection velocity values, 100 and 150 ft/sec (30.5 and 45.7 m/s),
were selected for investigation. This yielded computed FLOX injection
pressure drops of 200 and 450 psi (138 and 310 x 104 N/mz), respectively.
Requirements for a 500-psi (345 x 10 N/m2) chamber pressure and a 5,75 mix-
ture ratio yielded baseline liquid (FLOX) orifice diameters of 0,238 and
0,190 .in, (0.605 and 0.483 x 10—2m) Results from the Task II and III cold-
flow tests indicated near optlmum design conditions at DQ/D = 0,30 for

Dz = 0,19 in. (0.48 x 10~ m) However, other parameters were varied during
the cold-flow tests which tend to qualify this value, Thus, the hot-fire
injector'orifice sizes were varied to test this criteria. All injector

dimensions used are given in Table 26,

An annulus fuel flowrate of about 25 percent of the total fuel appeared to be
optimum in Task II and III., Thus, 25 percent was selected as a baseline,
yielding the appropriate annulus fuel injection areas assuming equal annulus
and center fuel temperatures and injection velocities. A 0.035 in. (0,089

X 10—2m) liquid post thickness was selected, based on a compromise between

a minimum desired for optimum performanée and the thickness required for
mechanical strength., The orifice ends of the FLOX tubes were chamfered 10
deg (0.17 rad) from the fuel side to a 0.010 in. (0.025 x 10-2m) thickness

to eliminate the potential tube-end recirculation and therefore tube burning.

To complete the test objectives, a number of injector dimensions were varied,
namely the liquid orifice diameters, the center fuel orifice diameter and the
fuel annulus gaps. These variations were facilitated by use of a Swagelok tee

and reducer combination for the connection of (replaceable) gas-liquid
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concentric tubes and a Swagelok fitting to attach the (replaceable) central
fuel orifice and concentric tubes to the injector block. A sketch of the

injector assembly is presented in Fig. 116,

Thrust Chamber

Three workhorse thrust chamber designs were used during the Task IV hot-fire
testing. In one case, the primary chamber assembly components included a
steel bomb ring to house pulse guns for stability evaluation, an uncooled
copper combustion zone, and a graphite-lined nozzle section. The chamber
assembly is presented in Fig. 117. In another case, the chamber assembly
components included a stainless-steel, graphite-lined combustion zone and
graphite-lined nozzle, This chamber assembly is pictured in Fig, 118, 1In
the third case, the stainless-steel bomb ring, the copper combustion zone,
the stainless-steel combustion zone, and the stainless-steel nozzle section
were used, all with graphite liners, to yield an extended 57.6 in. (1.46 m)
characteristic length. Relevant chamber dimensions are summarized as

follows,

Combustion chamber diameter,

in., (m x 10-2) 3,700 (9.398)

Nozzle throat diameter, in.

(m x 10-2) 2,615 (6.642)

Nozzle throat area, in.2

(m? x 10-2) 5.369 (0.346)

Contraction area ratio, €, 2

Expansion area ratio, € 2

L*, in., (m) 30 and 57.6 (0.76 and 1.46)

Injector to throat length, '15.4 and 29.2

in, (m) (0.39 and 0.74)
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Figure 116, Recessed Impinging Concentric Injector
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During the hot-firing phase of the program, bomb (pulse gun) pulsing was used
to determine the stability characteristics of the injector. A bomb ring was
designed to house three pulse guns to generate finite amplitude distriburb-
ances for artificial instability initiation, The bomb ring was 2.5 in,

(6.4 x lO_zm) thick and sandwiched between the chamber and injector as shown
in Fig. 117. Three pulse guns were mounted in bosses machined in the ring.
All of the gun axes were in a single plane normal to the combustor axis and
approximately 1,25 in. (3.2 x 10-2m) below the injector face. The pulse guns
were oriented to give tangential, radial, and chordal disturbances similar

to those used in Task I. This orientation was tailored for the single-element
(centrally located) injector configuration., Existing gunpowder pulse guns

were used which are similar to those used during Task I,

- The pulse gun-bomb ring barrels were examined as possible quarter-wave dampers
for any induced instability. The simplified approach taken was to assume that
the total length of the pulse gun, and its connecting tube through the chamber
wall (bomb ring), formed a quarter-wave resonator. The corresponding fre-
quency was then compared with expected instability frequencies. Six cases
were considered, two each for radial, chordal, and tangential gun orientations:
(1) unfired guns with a 2500 ft/sec (762 m/s) sound speed, and (2) just-fired
guns with a 4,000 ft/sec (1219 m/s) sound speed. The computed frequencies
ranged from 1300 to 2000 Hz, These frequencies were considerably lower than
those of the most likely chamber cross-sectional acoustic resonances (first
tangential = 8550 Hz, second tangential = 14,200 Hz and first radial = 17,800
Hz) so that damping of these instabilities by pulse gun cavities appeared
unlikely. These pulse gun barrel frequencies were comparable to that of the

first longitudinal mode (1825 Hz) which was not expected.

Three chamber pressure Photocons were used initially (with the chamber shown
in Fig. 117) to monitor the stability characteristics of the injectors.

These Photocons were mounted in the bomb ring about 1,25 in. (3.2 x 10_2m)
downstream from the injector face and from 90 to 180 deg (1.57 to 3.14 rad)
apart. These Photocons were recessed approximately 1/2 in. (1.27 x 10~2m)

back from the hot-gas wall of the chamber similar to the mounting used during
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Task I, Bomb ring damage subsequently resulted in the Photocon (one used)
relocation to the chamber flange downstream of the bomb ring about 1.0 in,
(2.54 x 10'2m) and mounted about 3 in., (7.6 x 10—2m) from the hot-gas wall,
One chamber pressure Photocon was used in conjunction with the chamber assem-
bly pictured in Fig.118 . This Photocon was mounted about 3 in. (7.6 x 10~2m)
away from the hot-gas wall on the flange adjacent to the injector face. One

oxidized injection pressure Photocon was used for all tests.

The initial chamber design (Fig. 117 ) contained provisions for six chamber
pressure and/or temperature pickup ports, three in each of the copper com-
bustion zone flanges. These ports were located 1.0 in, (2.5 x lO—zm) down-
stream of the bomb ring and 1.5 in. (3.8 x 1O~2m) upstream of the start of
convergence. Four pressure pickup ports, two on each flange, were provided

on the alternate chamber assembly shown in Fig, 118..

A transient heat transfer analysis (see Appendix E) was used to predict cham-
ber wall temperature characteristics for the combustion zone and nozzle. This
analysis indicated maximum hot-gas side wall temperatures of approximately
1200 F (922 K) in the copper combustion zone (somewhat highter with the grap-
hite combustion zone) and 3200 F (2033 K) at the throat (graphite) after 2.5

seconds of operation at nominal conditionms.
SPACE-STORABLE HOT-FIRE TESTS

The Task IV hot-firing tests were directed toward characterizing the 5000-1bf
(22,200 N) thrust single-element tricentric with centerbody and the impinging
concentric injector configurations with respect to performance and stability.
The minimum performance goal was 96-percent c* efficiency. Additional test

objectives included:

1, Specific design variable optimization for achievement of high

performance
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Evaluation of injector performance for various percentages of
"secondary" GCH4 flow., For the impinging concentric element, this
was the annulus gas flow; for the tricentric element, the term was
not truly applicable but was arbitrarily considered to be the inner

annulus gas flow,

Determination of the effects of varying the methane (gas) injection

temperature on performance and stability,

Evaulation of the injector operating characteristics at 10-percent

thrust.

Liquid FLOX (83.5-percent)/gaseous methane were used as the main propellants

with injection of the gaseous methane specifically designed to augment the

~atomization and mixing processes. The nominal baseline operating conditions

were as follows:

Vacuum Thrust based on 60:1

nozzle, 1bf 5000 (22,000)

Overall Mixture Ratio*, o/f 5.25 to 5.75

ChamEer Pressure, lbf/in.2

(N/m“ x 10-H 500 (345)

Chamber Characteristic Length 30 to 57.6

(L*), in. (m) (0.76 to 1.46)

Methane Temperature, R (K) Amb to 1100 (amb to 611)
Duration, sec 2 to 2,5

The test series were formulated to investigate the effects of fuel injection

temperature, liquid and gas injection velocities, ratio of '"secondary' fuel

to total fuel flowrate, amount of liquid post recess, and chamber pressure

(throttle test), first with the tricentric with centerbody and then with the

*This nominal mixture ratio was treated as 5.75 in Tasks II and II1I, but in
more current engine applications (Contract NAS3-11191 and NAS3-12051), a
mixture ratio of 5.25 has been selected.
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impinging concentric injector concept., Dynamic stability of the hardware was

evaluated, aided by artificially induced pulse gun disturbances.

Facilities and Equipment

The test facilities used for Task IV hot-fire tests are located in the
Propulsion Research Area (PRA)., The PRA is comprised of five multiposition
firing pits with a centrally located blockhouse which permits direct observa-
tion of the engine firings. Test stand Uncle was employed for the hot-firing
tests. A schematic of this test stand is given in Fig. 119, The FLOX was
transferred to a run tank (Fig. 119) from a 120 gal (0.45 ms) FLOX storage
tank, while the methane was obtained directly from gaseous K-bottles, These
K-bottles were replaced with new bottles when below an acceptable operating

pressure level,

The methane was heated with the pebble bed heater (which was heated prior to
the tests by hot gaseous nitrogen) and with Cal-rod heaters on the feed lines,
Three main fuel valves were used, respectively, for (1) center or inner
annulus fuel flowrate, (2) annulus or outer annulus flowrate, and (3) face

coolant flowrate. One main oxidizer valve was employed.

Because this facility had been used for previous FLOX/methane tests, little
modification was required. The primary facility modification was to the gas
heating system which required: (1) installation of a gas heater to be used
for convective heating of the pebble-bed heat exchanger, (2) servicing of the
valve connecting the GN2 gas heater and heat exchanger for 1000 F (811 K) use,
and (3) the addition of the third fuel main valve,

Instrumentation, Task IV hot-fire instrumentation is listed in Table 27,

Redundant measurements were made on the important experimental parameters to
increase data reliability. The particular instrumentation used for the vari-

ous types of measurements are described below.
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TABLE 27

INSTRUMENTATION FOR TASK IV TESTS

Parameter Range Transducer Recorder*
Pressure
GCH, Bottle Bank Manifold | 0 to 3000 psi (0-2068 x 10* N/m?)|Taber G
GCH, Regulator Inlet 0 to 3000 psi Taber G, B
GCH4 Venturi Inlet (4) 0 to 3000-psi Taber G, B
GCH4 Venturi Throat (4) 0 to 3000 psi J ) , Taber G, B
GCH4 Injection (2) 0 to 2000 psi (0-1379 x 10" N/m”}]Taber G, B, O
Oxidizer Tank 0-to 2000 psi Taber G
Oxidizer Injection 0 to 2000 psi Taber G, B, O
Oxidizer Injection 0 to 2000 psi J Photocon T, O
Chamber Pressure (3) 0 to 1000 psi (0-689 x 104 N/mz) Taber G, B, O
Chamber Pressure (3) 0 to 1000 psi (0-689 x 104 N/mz) Photocon T, O
Temperature
Heater Outlet 60 to 1000 F (289-811 K) C/A G, B
Heater Bed (2) 60 to 1000 F C/A G,
Venturi Inlet (2) 60 to 1000 F C/A G, B
Fuel Injection (2) 60 to 1000 F C/A B
FLOX Flowmeter (2) -290 to -310 F (94 to 83 K) Rosemount Bulb| G,
FLOX Injection -240 to =305 F (122 to 86 K) I/C G,
FLOX Flow 1 to 12 1b/sec (0.45 to 5.44 kg/s)}Fischer-Porter| O, B
Thrust 0-10,000 1b€ (0 to 44,400 N) Baldwin Load 0, B, G
Cell
Acceleration 0-300 g Electra 0, T
Scientific
Model V5

*G = Graphic; B = Beckman; O = Oscillograph; T - Tape
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Thrust. The thrust chamber mount was supported on flexures, which
allowed free movement parallel to the engine axis (horizontally), restrained
in the thrust direction by a Baldwin dual-bridge load cell which measured
the thrust.

Pressures. Pressures were measured with bonded strain-gage transducers
(Taber "Teledyne'" series 206 or equivalent), Chamber pressure was measured
at two circumferential positions in two axial positions: near the start

of nozzle convergence and near the injector face.

Flowrates. The oxidizer flowrates were measured by means of Fischer-
Porter turbine flowmeters of a type proved suitable for service in FLOX.
The oxidizer line had two flowmeters in series to measure the volumetric

flowrate., Gaseous fuel flowrates were measured by sonic venturi meters.

Temperatures. Reliable measurement of cryogenic propellant flowrates

requires accurate determination of liquid density or temperature as well as
the volumetric flowrate. This temperature measurement was done by use of
shielded platinum resistance bulbs (Rosemount Model 176) immersed in the
liquid stream. Injection and venturi temperature measurements were made

with chromel-alumel thermocouples.

Special Instrumentation. Photocon pressure transducers were used to

detect high-frequency oscillations in the combustion chamber and in the

oxidizer injection pressures. An accelerometer was mounted on the chamber,

Data Recording. All pressure, temperature, and flow measurements were re-

corded on tape during each firing by means of a Beckman Model 210 Data
Acquisition and Recording System. This system acquires analog data from the
transducers, which it converts to digital form in binary-coded decimal format.

The latter are recorded on tapes which are then used for computer processing.
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The Beckman Data Acquisition Unit sequentially samples the input channel at
a rate of 5625 samples per second. Programmed computer output consists of
tables of time versus the average parameter value over an approximate 200~
microsecond (200 x 10—65) slice time, printed out at the approximately 200
msec {200 x 10"35) intervals during the firing, together with calibration
factors, prerun and postrun zero readings, and related data. The instantan-
eous parameter values are machine-plotted and displayed as CRT outputs on
appropriately scaled and labeled grids for simple determination of gradients,

establishment of steady-state, etc.

Primary data recording for these firings was on the Beckman 210 system. In

addition, the following auxiliary recording system was employed.

1. An 8-channel, Brush, Mark 200 recorder was employed in conjunction
with the Beckman unit, primarily to establish time intervals for
computer data reduction and, additionally, for "quick-look" infor-
mation on the most important parameters. This is a direct-inking
system, with display high-gloss, graduated paper moving at 20 mm/sec
(20 x 10"%m/s).

2, A CEC, 36-channel direct reading oscillograph was used as backup
for the Beckman 210 system and for indication of any oscillatory
combustion,

3. Direct-inking graphic recorders (DIGR's), either Dynalog rotary chart
or Esterline-Angus strip chart, were used to set prerun propellant
supply pressures, for recording of propellant manifold pressures, to
provide quick-look information, and as secondary backup to the

Beckman and oscillograph recorders.

4. An Esterline-Angus, 20-channel event recorder was used for direct-
inking recording of main propellant valve signal and travel, as well

as for chart drive and camera actuations.

5. A high-frequency (RIL) tape recorder was used to monitor Photocon

and accelerometer responses.
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Test Procedure. The overall test procedure used on all tests was as follows:

1.

10.
11.
12,
13.

14.

Clean the injector assembly for propellant compatibility and install

with the appropriate thrust chamber configuration on the test stand.

Connect the required plumbing and instrumentation and leak check the

systems.,
Coordinate the test schedule with Test Operation Control,

Preheat the methane pebble bed heater to the desired temperature
(1 day before the test).

Verify correct operation of the propellant system valves.
Verify sequence timing on the Esterline-Angus recorder.
Verify adequate supply of methane fuel for the test series.
Secure the area.

Transfer FLOX from the 120-gal (0.45 m3) storage tank to the 43-gal
(0.16 ms) run tank.

Make the final blockhouse preparations.

. Sequence start (run the test),

Vent the propellant systems to atmospheric pressure.
Transfer FLOX from the run tank to the storage tank.

Open the test pit and secure all systems.

The test operational sequence used for all tests except test No, 24 and 25

was as follows, This sequence is shown schematically in Fig. 120.

10

2,

Fuel and oxidizer hardware purges on

Oxidizer chill flowing through injector initiated; oxidizer purge
slaved off

Oxidizer chill off; oxidizer purge slaved on
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4, Oxidizer main valves open

5. Oxidizer purge off (at main oxidizer valve opening)

6. Fuel main valves open

7. Injector fuel purge off (at main fuel valve opening)

8. Mainstage

9. Cutoff signal

10. Oxidizer propellant valve closed
11. Oxidizer purge initiated (at main oxidizer valve closed)
12,, Fuel main valve closed

13. Fuel purges initiated (at main fuel valve closed)

For test No. 24 and 25 a fuel lead was used as well as the fuel lag. This
was changed after test No. 25 because of injector damage which incurred

during these tests (discussed in the section on test description).

Testing

Forty hdt—fire tests were conducted during Task IV, 29 of the tests being of
sufficient duration for reliable performance calculations. Of these 29 tests,
12 were conducted with the tricentric with centerbody injector concept and

17 with the impinging concentric injector. These tests along with a detailed

test plan are described in the following sections.

Tricentric with Centerbody Tests. The test plan for this injector was formu-

lated mainly to demonstrate the performance and stability characteristics of
.this concept. In addition to demonstrating performance (nc*, 96 percent),
the test goals included a parametric performance investigation of mixture
ratio, methane temperature, Vg = VQ, the ratio of inner-to-outer gas annulus

injection flowrates (equivalent to (Ain/A )g because gas injection velo-

out
_cities and densities were equal) FLOX injection velocity, and one throttle

test. The initial tests (tests No. 24 and 25) were conducted with the
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orifice geometry (i.e., the liquid injection area and the ratio of inner-to-
outer fuel injection areas and annulus gaps) and operating conditions indi-
cated to be optimum in Task II and III cold-flow tests. Unfortunately, severe
injector burning (discussed in the test descriptions) occurred in these tests,
negating any performance calculations and inflicting substantial injector

_damage.

Another configuration with a different fuel injection area ratio (Ain/A

out)g

but with the optimum annulus gap ratios was then tested (tests 26 through
30). Design material and operational changes, incorporated to eliminate
injector erosion, were successful but combustion efficiencies were low.

Therefore, this configuration was modified to yield the cold-flow optimum

area ratio, thereby changing the gas annulus gap ratio (Yin/Y ) from optimum,

out
Although a substantial gain in performance was achieved at constant vg-v

’
results remained in the low 90's (test No. 31). Another configuration wis
tested (tests 32 through 35) with an increased liquid injection area (this
produced a very low FLOX injection velocity) along with optimum fuel area
and gap ratios. Results revealed low performance and significant flow
instabilities (i.e., chugging) because of low liquid injection velocities.
Subsequent tests (tests 36 to 38) were made with the same configuration as
was used for test No. 31 but with varying fuel injection temperature (to
vary vg-vz) and varying mixture ratio. Results showed a substantial gain in
performance, reaching approximately 97 percent with a 4,5 mixture ratio, but

still below the level desired at higher mixture ratios.

These encouraging results led to the repair of the configuration damaged on
the initial tests No. 24 and 25, However, seal failure in the next test

(No. 55) negated these repairs before any steady-state performance could be
established, Therefore the remaining tests (tests No. 59 thrqugh 63) were
conducted with the cbnfiguration from which the high performance was obtained
at a 4.5 mixture ratio. Based on the cold-flow results, this configuration
was modified to include a small amount (0.200 in,; 0.508 x 10'2m)'of~liquid
post recess in an effort to increase performance at a higher mixture ratio.

Results yielded combustion efficiencies on the 97-percent level at a 5.25
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mixture ratio which exceeded the program performance goal. Combustion was
stable and the hardware was in good condition after the tests., A more de-

tailed description of the individual tests follows.

Test No. 24, The first FLOX/CH4 hot-firing test was conducted using the
nominal tricentric with centerbody injector, which contained a 0.25 in,
(0.63 x 10—2m)—diameter centerbody (plug) surrounded by gas, liquid, and gas
annulus gaps of 0,095, 0,119, and 0.036 in. (0.241, 0,302, and 0.091 x 10-2m),
respectively. The posts (walls) separating the liquid annulus from the two
gas annuli were 0.035 in, (0.089 x 10-2m) thick. The outer and inner fuel
injection areas were equal (i.e., Ain/Aout = 1). Approximately 8 percent of
the fuel was used as coolant for the injector Rigimesh, The thrust chamber
for this test contained a steel pluse gun ring mounted at the injector end,
an uncooled copper combustion zone, and a steel nozzle shell with a graphite
throat insert., The injector-to-throat length was 15.4 in. (0.39 m) and the
resultant L* was 30 in. (0.76 m)., The test was programmed for 300 msec
(300 x 10‘35) of mainstage at 500-psia (345 x 104
and 5.75 mixture ratio with a fuel injection stagnation temperature of 860 R
(478 X). During the test, the actual FLOX flowrate was higher than planned
(MR = 7.1), although the chamber pressure of 500 psi (345 x 104 N/mz) was as
targeted. The actual mainstage portion lasted 250 msec (250 x 10—35). Per-

N/m2) chamber pressure

tinent operating conditions and performance numbers for this test and the

subsequent tests are listed in Table 28,

Posttest inspection of the hardware revealed damage to the injector tube ends
in contact with the FLOX, the pulse gun chamber spacer, and to the three
Photocons which were inserted in the chamber spacer. Photographs of the
damaged injector tube ends are presented in Fig.121 and 122, By some means
the stainless-steel posts were apparently heated to the ignition temperature
with FLOX. Conceivably, this post tip heating may have resulted from recir-
culation of hot combustion gases in the void flow area downstream of the tube

ends as depicted below.
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TABLE 28

TRICENTRIC WITH CENTERBODY INJECTOR HOT-FIRE TEST RESULTS

i
;
é
i
i

P W
Fvac (nozzle)} v.’o (tofal) (Win)f (Wout)f Vl Vg Tg /@. . \ ﬂA. nc* nc*

Test|Duration, : 3 : 1 ,1? > n in > from P |from F,
No. |seconds 1b N {psia|N/m xho 1b/secjkg/s |1b/sec|kg/s|1b/sec| kg/s{1b/seci kg/s] MR | ft/sec| m/s|ft/secfm/s] R | K \WOut f Yout/f\eout f 5 © %
24 0.28 3867117,200§ 502 346; 12,57 {5.700 1.77 |0.80] 0.80 10.36% 0.82 {0.37}7.10{ 91 27.7% 1250 138118551475 §0.98 2.6 1.0 87.4% 88.1%
25 0.22 FLOX Manifold tontamination 2.7 1.1

26 0.40 2848112,670f 369 254i 8,50 }3.86] 2,05 }|0.93} 1.17 {0.53] 0.78 {0.35§4.15} 59.1 118.0% 1257 3831543 i30211.50 2.8 1.5 86.1% 87.3%
27 0.40 3308 14,710 427 294; 11.50 {5.22] 1.80 |0.82} 1.03 {0.48] 0.69 §0.31]6.38] 81,7 |24.9 975 1297015351297 { 1,50 2.8 1.5 78.4* 79,6%
28 2.00 3371114,9901 435 300? 10,90 {4.94] 1.89 {0.86} 1,08 |0.49] 0.72 10.33{5.74] 76.6 |23.3] 1004 |306]1533§296{ 1.49 2.8 1.5 81.8 83,1
29 0.40 3518115,6507 455 314; 10,70 |4.85]1 2,31 {1,057 1.27 {0,58] 0.93 |0.42]4.63] 74.9 ‘22,8 1570 | 4791740411 | 1,37 2.8 1.5 87.5* 86.9%
30 2,30 3455115,370¢ 447 308 10.00 {4.54} 2,08 0,94 1,18 {0.54} 0,80 |0.36{4.837 71.1 (21.7] 1670 |509|8604478 ] 1.48 2,8 1.5 93.2 91.6
31 2,00 3745116,660f 477 329; 10.88 |4.94] 2.07 |0.94) 0.98 {0,447 0.99 ]0,45]5.26} 76,1 |23.2| 1353 [412}835{464 | 0.99 1.9 1.0 92.3 92.3
32 0.55 3455115,370) 452 3122 11.52 |5.23| 1.97 (0,89} 0,93 10.427] 0.94 |0.43}5,83} 27.3 8.3| 1289 |393(74514140.99 2.5 1.0 85.4%* 82.1%
33 0.38 3495115,550] 455 3145 11.66 |5.29] 1.98 |0.90] 0.93 10.42} 0,95 |0.43]5.89} 27.0 8.21 1356 |41317711428 {1 0.98 2,7 1.1 85.7* 82,.4*%
34 2.08 3516{15,640; 447 308 11,80 |5.35] 1.98 |0.96] 0.94 10.43] 0.95 |0.43|5.94] 27.4 8.4 1567 1478188614921 0.99 2.7 1.1 84,6 82.5
35 2,01 4092118,200}f 509 351: 13.65 |6.19] 2,39 |1,08] 1,13 {0,517 1.14 ]0.52{5.72] 32.1 9.8} 1083 |330(571}317 { 0.99 2.7 1.1 83.9 82,5
36 2,10 3882117,270{ 512 3535 11.44 |5.19] 2.06 {0.93} 0.97 [0.44] 0.99 [ 0.45{5.55} 78.7 |24.0} 1369 |417{944 {524 | 0.99 1.9 1.0 92.0 90.4
37 2,10 4111118,290; 543 374, 12,10 |5.49) 2,30 }1,04] 1.06 {0.48] 1.13 |0.51{5.27y 83.8 j25.5 917 12801599333 10.94 1.9 1.0 91.8 90.3
38 1.10 3952(17,5801 522 360; 10.79 14.89] 2.35 11,07} 1,10 {0.50] 1.14 §0.52i4.59} 74,3 122,6] 1304 139718081449 0.96 1.9 1.0 98.4 96.4
55 2,15 Seal Leakage a%d/or Seal Contamination 2,6 1.0

59 2,15 3114§13,850f 417 288; 8.49 13.85) 2.00 340.914 0.98 10.44f 1.02 10.47§4.255 60,3 §18.4% 1800 §1549(986)548] 0.96 1.9 1,0 98.9 97.0
60 2,16 3767116,7607 507 350§ 10,27 (4.66} 2,28 11.03} 1.12 10,51} 1.16 {0.5314.51] 73.3 {22.3] 1632 1497{939522] 0,97 i,9 1.0 199.2 97.2
61 2,14 4143118,4301 555 383‘ 11.86 {5.38F 2.03 {0.921 1.01 {0,46% 1,02 {0.46;5.84} 83,9 §125.6§ 1194 | 3631829461 0.98 1.9 1.0 97.4 95.4
62 2,12 4417{19,650] 591 407% 12,83 15,820 2,12 §0,96) 1,05 §0.48] 1.07 {0.,48;6.05] 90.8 127.7§ 1053 {321y7501417 } 0.97 1.9 1.0 97.7 95,2
63| 4.10 Low P_ (Data NPt Stabilized) 1.9 | 1.0

L* = 30 in. (0.76 m)

i
|
;

!

*The short duration of these tests précludes meaningful performance evaluation.
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The chamber spacer damage appeared to be due to the boundary layer disturbance
caused by the rather large, sharp-edged pulse gun ports (D = 0.5 in.; 1,27

X 10-2m) and the Photocon ports (D = 0.25 in.; 0.64 x 10'2m). These disturb-
ances caused local overheating resulting in chamber erosion and burning of

the Photocon diaphragms. Erosion occurred in the area around each pulse gun
or Photocon port (approximately 0.5 in.; 1,27 X 10"2mfto each side) and was
about 1/4 in. (0.64 x 10™%m) deep.

Injector repair procedures included (1) cutting the damaged orifice tubes
(Fig. 122) in contact with FLOX about 1 in, (2.54 x 10_2m) shorter than their
original length, (2) electron beam welding of 1-in. (2.54 x 10—2m)-10ng
nickel* posts (tips) on the ends of these tubes, (3) machining these ends to
the required diameter and wall thickness, and (4) turning a slight radius on
each of the tube tip edges. This repair essentially returned the injector to

its original geometry. It was hoped that post tip burning might be avoided

*Nickel has a higher ignition temperature with FLOX than stainless steel.
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by the change from stainless steel to nickel. The pulse gun chamber spacer
adjacent ot the injector was repaired by removing the damaged surface and
brazing a 1/2-in. (1.27 x 10—2m)—thick copper liner inside the steel jacket,

Test No. 25. Test No. 25 was another short test (220 msec, 220 x 10_3

s)
with the injector and chamber spacer repaired from the first test. Thus, the
injector and chamber assembly was identical to the first test except for the
nickel tips on the FLOX tubes and the absence of ports in the chamber spacer.
The test was again programmed for about 250 msec (250 x 1O~38) of mainstage

at 500-psia (345 x 104
fuel injection temperature of 860 R (478 K). The actual mainstage portion of

the test lasted 220 msec (220 x 10—35) and a hard shutdown was observed,

N/mz) chamber pressure and 5,75 mixture ratio with a

Other pertinent operating conditions are presented in Table 28. Posttest
inspection of the hardware revealed extensive damage to the injector, Both
of the FLOX orifice tubes were eroded back about 1 in. (2.5 x 10'2m) on one
side, the outer body was eroded, and there was significant fire damage
evident in the FLOX manifold. Photographs of this damage are presented in
Fig. 123 and 124.

Several possible explanations were advanced upon examination of the damage,
the instrumentation, and the photographic coverage. The prime possibilities
are the following:

1. Contamination in FLOX dome (e.g., ice)
2. Hard start with the CH4 lead
3. Tip recirculation

4, Cavitating FLOX flow within the injection annulus

5. Shutdown damage because of too short a CH4 lag

Revisions were made to amend each of the preceding possibilities, These

changes are discussed in the following section.

R-8361
290



?§§

.

Figure 123. Tricentric With Centerbody Injector FLOX Manifold Damage, Posttest No. 25
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Tricentric With Centerbody Injector Outerbody and Centerbody Damage,

Figure 124.

25

Posttest No.



Test No., 26. The third FLOX/CH4 test was conducted with the tricentric
with centerbody injector employing an inner-to-outer annulus (methane) injec-
tion area ratio of 1,5. This injector contains a 0,43-in. (1.09 x 10"2m)-
diameter post surroundéd by gas, liquid, and gas annulus gaps of 0.072, 0.099,
and 0.026 in. (0.183, 0.251, and 0.66 x 10-2m), respectively. By keeping
the methane velocity constant, the inner-to-outer methane flowrate ratio was
also 1.5, The pretest chilldown sequence was changed to preclude any conden-
sation (in the injector) of moisture from the atmosphere, and the liquid
nitrogen tanks, used for the injector chill, were thoroughly dried. The test
sequence was also changed to a FLOX lead and a longer methane lag. Tip
recirculation was reduced by thinning the exit of the orifice tubes to almost
a knife-edge and beveling the tubes 10 deg (0.17 rad) from the gas sides.
FLOX flow passages leading into the injection annulus were rounded as much
as possible to inhibit flow separation., Finally, the FLOX tube tip material
was changed from stainless steel to nickel to lessen the chance of tip burn-

ing. A sketch of the injector modifications is shown in Fig., 125,

Approximately 5 percent of the fuel was used as coolant for the injector
Rigimesh, and the thrust chamber was the same as used for test No. 25. The
test was programmed for 400 msec (400 x 10'35) of mainstage at a 400-psia
(276 x 104N/m2) chamber pressure, a 4.0 mixture ratio and an ambient fuel
injection temperature., These latter operating conditions were used in a

further attempt to lower the heat flux to the orifice tubes.
Test No. 26 was run successfully under these nominal conditions, Posttest
inspection of the hardware revealed no injector or chamber damage, indicating

revisions made for this test satisfactorily reduced the injector head load.

Tests No. 27 and 28. Test No. 27 was another short test using the same

test configuration, chilldown sequence, test sequence, and fuel temperature
as test No. 26. The only differences between the two tests were the mixture
ratio and the chamber pressure, Test No. 27 was programmed for 400 msec
(400 x 10-35) of mainstage at a 500-psia (345 x 104 N/m2) chamber pressure,

a 5,75 mixture ratio, and an ambient fuel injection temperature.
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Posttest inspection again revealed no hardware damage. Therefore, a longer
durafion test (No. 28) was run with the same operating conditions as the
previous test., No hardware damage was encountered and test results were
satisfactory. The combustion efficiency for this test was approximately 82.5
percent which is very close to the efficiency predicted from the cold-flow
results (nc*pred = 81 percent) from Task II and III for these design/operating

conditions,

Tests No. 29 and 30. Test No. 29 was essentially a repeat of test No.

27 except for increasing the injection temperature of the fuel. The same
hardware was used, and a 400-msec (400 x 10_35) duration was planned as a
safety precaution with the increased fuel injection temperature. During the
test, the actual fuel flowrate was somewhat higher than planned (MR = 4.6),

-but no hardware damage occurred.

This test was then repeated for a longer duration, 2.3 seconds in test No.
30. Although an attempt was made to decrease the fuel flowrate from test

No. 29, the actual test mixture ratio was 4.8. No injector damage was
encountered during this test; however, slight chamber erosion did occur at
the downstream eédge of the bomb ring and the upstream portion of the combus-
tion chémber. This erosion was most likely perpetrated by discontinuities in
the chamber walls at the joint between the bomb ring and chamber and/or by
inadequate heat sink capability in the vicinity of the blank pulse gun and
Photocon ports, The chamber damage was repaired and the test duration was
decreased to approximately 2 seconds for subsequent tests in an effort to

minimize chamber erosion,

Test No. 31. In an effort to approach as close as possible to the

nominal (i.e., more nearly optimum), geometry (damaged in test No. 25) without
fabricating new hardware, the outer fuel annulus used in tests 26 through 30

(Ain/Aout = 1,5) was machined out to obtain equal inner-and outer fuel annulus
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injection areas®* and a 0.43-in. (1.09 x 10'2m) centerbody diameter was used
surrounded by gas, liquid, and gas annulus gaps of 0.072, 0,101, and 0,039 in,
(0.183, 0.257 and 0.099 x 10'2m), respectively., The posts separating the
liquid annulus from the two gas annuli were 0.035 in, (0.089 x 10-2m) thick
but were chamfered (from the gas sides) and rounded at the tips. Approxi-
mately 4 percent of the fuel was used as coolant for the injector Rigimesh.
The thrust chamber for this test contained a steel pulse gun ring (bomb ring)
mounted at the injector end with a copper press fit insert, an uncooled |
copper combustion zone, and a steel nozzle with a graphite throat insert.

The injector-to-throat length was 15.4 in. (0.39 m) and the resultant L* was
30 in, (0,76 m). The test was programmed for 2.0 seconds of mainstage at
500-psia (345 x 10°
injection stagnation temperature of 860 R (478 K). During the test, the

N/mz) chamber pressure and 5.75 mixture ratio with a fuel

actual FLOX flowrate was lower than planned (MR = 5,3), and the chamber pres-
sure was 474 psi (327 x 104 N/mz). Pertinent operating conditions and per-
formance numbers for this test and all other tricentric with centerbody tests
are listed in Table 28, The c* efficiency for run 31 was 91,8 percent based
on P, and about 0.7 percent lower based on thrust, Examination of the oxidi-
zer injection Photocon and the chamber pressure Photocon indicated that stable
combustion was attained,

Rosttest inspection of the hardware revealed damage to the thrust chamber and
copper chamber spacer insert. A photograph of the damaged pieces is presented
in Fig.126. Scalloped areas (maximum erosion) coincided approximately with
ports in the pulse gun ring. Repair procedures resulted in fabrication of a
new combustion chamber containing a stainless-steel shell and a graphite
insert with a 13,8 in. (0.35 m) length and a 3.7 in, (0,094 m) inner diameter.
This maintained the injector-to-throat length of 15.4 in. (0.39 m) and the
resultant L* of 30 in, (0.76 m). A.schematic of this thrust chamber is pre-
sented in Fig. 118.

*The inner-to-outer fuel annulus gap ratio thus became 1.9 with this injector
compared to the nominal ("optimum') design value of 2.4,
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Test No. 32 through 35. The low FLOX injection velocity (25 ft/sec;

7.6 m/s) injector model was employed for tests 32 through 35. The injector
contains a 0.43-in, (1.09 x 10_2m) centerbody diameter surrounded by gaps of
0.066, 0,251, and 0.026 in., (0,168, 0,638, and 0.066 x 10'2m), respectively,
with chamfered and rounded tube tips. This yields an inner-to-outer annulus
fuel area of 1.0, a fuel annulus gap ratio of 2,5, an oxidizer injection
area of 0.70 in.2 (4.52 x 10—4m2), and a fuel injection area of 0.2 in.2

(1.29 x 10™%n?).

Stainless steel was used for the injector FLOX tubes in test No. 32. This
test was programmed for 2.0 seconds of mainstage at 500-psia (345 x 104 N/m2)
chamber pressure and 5.75 mixture ratio with 860 R (478 K) fuel injection
temperature. However, a rough combustion cutoff was encountered approximately
550 msec (550 x 10-35) into the test. Analysis of the stability records
indicated 200 to 300 psi (138 to 207 x 104 N/mz) peak-to-peak instabilities

at a 500 to 600 Hz frequency. Posttest inspection revealed that the FLOX
tubes were burned back approximately 3/4 in. (1.9 x 10—2m) from the injector

face, indicating FLOX ignition with the stainless-steel posts.

The FLOX posts were replaced with nickel-tipped posts for test No. 33, bring-
ing this injector model back to its original condition, This test was
programmed for 400-msec (400 x 10_35) duration with all other operating
conditions the same as with test No. 32. Although rough combustion of
approximately the same frequency but 150 psi (103 x 104 N/m2) peak-to-peak
amplitude was observed, no cutoff was encountered and posttest hardware

inspection revealed no damage.

Test No. 34 was a repetition of No. 33 with the duration extended to 2,0-
seconds of mainstage. The same rough combustion was again observed during
mainstage. However, no hardware damage was encountered and the test results
were satisfactory, although the combustion efficiency was only 82 percent,
The rough combustion, which was of a feed-system-coupled variety, may have

influenced the performance attained.
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All test conditions except the fuel injection temperature were then held
constant for test No. 35. Ambient methane was used for this test with a 2.0-

4 N/mz) chamber pressure,

second mainstage duration and a 500-psi (345 x 10
The measured performance was in the low 80's with instabilities similar to

those described for tests No., 33 through 35.

Tests No. 36 through 38, 1In an effort to increase combustion efficiency

and eliminate chugging, the injector model used in test No. 31 was again used
in tests No. 36 through 38. All three of these tests were programmed for

4 N/mz) chamber pressure. A

2.0 seconds of mainstage and a 500-psi (345 x 10
5.75 mixtu&e ratio was planned for tests No., 36 and 37, while a mixture ratio
perturbation (to 4.5) was planned for No. 38 with all other conditions con-

stant. In addition, hot methane (approximately 900 R; 500 K) was programmed

for tests No, 36 and 38 while ambient methane was to be used for test No., 37.

The mainstage duration of test No. 38 was cut after approximately 1 second of
mainstage because of the lack of sufficient oxidizer in the propellant tanks,
No hardware damage was encountered on any of these tests and test results
were satisfactory. Combustion performances were in the 9l-percent range for
tests No. 36 and 37 but increased to approximately 98 percent during the low

mixture ratio test., No instabilities were present in these tests.

Test No, 55. The promising results from test No. 38 led to the repair
of the injector configuration damaged in test No. 25. This was the nominal
tricentric with centerbody injector with the geometry that was optimum in
cold-flow tests, Nickel tips and chamfered tube ends were again used, and
the injector dimensions were the same as for tests No. 24 and 25, The test
was programmed for a two-second mainstage duration at 500-psia (345 x 104
N/mz) chamber pressure and a 5.25 mixture ratio with a 900 R (500 K) fuel
injection temperature.

In the actual test, the Naflex pressure-assisted seal in the oxidizer dome
failed (leaked) during chamber pressure buildup resulting in significant

damage to the injector and to facility wiring. Photographs of the injector
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damage are given in Fig. 127,128, and 129, The injector orifice element details
were considered beyond repair although the face plate (body) was repairable.
Face plate repair was accomplished by removing the eroded area, the Rigimesh
face, and the inserting of a graphite cloth ablative material to form a new
face (Fig. 130). The repaired injector body was used for the subsequent tests
(59 through 63). .

Tests 59, 60, 61, and 62. In an effort to increase performance with

available or easily altered hardware, the configuration used in test No, 38
was modified to incorporate 0.200 in. (0.508 x 10'2m) FLOX annular recess and
used in these tests. All four of these tests were programmed for 2.0 seconds

4

of mainstage at a 500 psia (345 x 10 N/mz) chamber pressure. The mixture

ratio was varied from 4.25 to 6.0.

The actual chamber pressure attained during.these tests varied from 417 to
591 psia (288 to 407 x 104 N/m2) because of higher than anticipated injector
pressure losses which were indicative of varying degrees of combustion
occurring in the recessed portion of the injector tubes. Combustion per-
formances were high, on the order of 96 to 98 percent, and no instabilities
were evident, The hardware was in pre~test condition except for minor

erosion of the ablative injector face,

Test No. 63, The injector configuration utilized in the preceding tests
was throftled to a 50 psia (34 x 104 N/mz) chamber pressure in this test,
The planned mainstage duration was 4.0 seconds at a 5,25 mixture ratio,
Although a chamber pressure of 70 psia (48 x 104 N/mz) was recorded, reduced
data revealed that this did not occur until after the oxidizer main valve
had closed, thus indicating steady-state combustion was not attained. Test
results were not satisfactory in that no performance data were obtained., Fail-
ure to achieve steady-state performance at this throttled condition was
attributed to facility propellant feed problems. Programming for an extended
run duration would probably permit satisfactory throttle tests, However,

further testing was not attempted because of program limitations.
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Figure 129. Oxidizer and Fuel Injector Element Damage Incurred During Test No. 55
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Impinging Concentric Tests. This test series was formulated to demonstrate
performance and stability of the impinging concentric injector concept.
Performance goals included demonstration of nc* = 96 percent at MR = 5,75

and parametric evaluation of the following parameters: XP/Dg, ngg , D /Dg,
scale (indexed by DZ)’ percent annulus gas, and one throttle test. Altﬁough
not included in the original test plan, a post recess was also investigated,
The initial five tests (tests 39 through 43) with this injector concept were
conducted with liquid orifice diameters of approximately 0.24 in. (0.61 x
10_2m)a During these tests, the effects of varying injection velocity
(pgvgz), the center fuel orifice diameter (Dg/Dg)’ and annulus fuel injection
areas (percent annulus gas) were investigated, Performance increased with
increasing fuel injection velocity but only to the low 90's while cup recir-
culation, and therefore erosion of the stainless-steel material, increased
substantially with Vg. The latter problem was eliminated by using an ablative
cup., A change in the percentage of annulus gas at constant geometric condi-

tions was found to have negligible influence on performance.

The 0,19-in. (0.48 x 10—2m) liquid diameter (higher injection AP) orifice
tubes were used next in an attempt to increase performance. This was suggested
for increased performance from cold-flow tests. In these tests (tests 44
through 48), the center fuel injection orifice diameter (Dz/Dg) was varied.
In addition, the effects of varying the fuel injection temperature and
velocity (nggz) was investigated with constant geometric conditions., Com-
bustion performance increased to the 95 percent level. The liquid tubes were
recessed slightly (0.200 in,; 0,508 x 10_2m) for the next tests, while vary-
ing the center fuel orifice diameter (Dg/Dg) first and then the injected
mixture ratio (Xp/Dg). Results (tests 49 through 54) yielded no significant
gain in performance, however. To raise the performance loss in the available
remaining tests and to empirically verify the analyses, the chamber charac-
teristic length was increased to 57.6 in. (1.46 m) in the concluding tests
(56 through 58) with this injector concept. Results revealed combustion
efficiencies in the 98- to 99-percent range., A description of the individual

tests is given below.
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Tests 39 and 40, The initial test, No. 39, with the impinging concen-

tric injector concept was made with liquid post inside diameters equal to
0.234 in. (0.594 x 10_2m), thus yielding a FLOX injection velocity of
approximately 100 ft/sec (30.5 m/s). The center fuel jet had a 0.744-in.
(1.89 x 10_2m) diameter; thereby making DQ/Dg = 0,32 and resulting in a cen-
ter fuel velocity of approximately 600 ft/sec (183 m/s). Seventy-five per-
cent of the fuel was injected through this central showerhead orifice,
approximately 5 percent of the fuel was used as face coolant, and the
remaining 20 percent was injected through the annulus fuel tubes. The test
was programmed for 500 msec (500 x 10'35) of mainstage at a 500-psi (345 x
104 N/mz) chamber pressure, 5.75 mixture ratio, and a fuel injection tempera-
ture of 1000 R (556 K).

Operating conditions for this test and all other tests made with the impinging
concentric injector concept are presented in Table 29. Posttest inspection
revealed that one of the stainless-steel FLOX tubes was slightly eroded at

the tip., This tube was replaced with a nickel tube so three stainless and

one nickel tube were employed for test No. 40. Test No. 40 was a repetition
of test No. 39 except for a longer duration (2 seconds). The performance

was low (~ 89 percent). No indication of any instabilities was observed in
this or any subsequent tests with the impinging concentric injector. Posttest
inspection again revealed tube tip erosion to one stainless~steel tube and
very slight erosion in the stainless-steel cup between two of the FLOX tubes,
All stainless tubes were replaced with nickel or nickel-tipped tubes for the

remainder of the impinging concentric tests.

Test No, 41. For this test, the same operating conditions and FLOX
injection areas were used. However, the center gas and annular fuel injection
areas were decreased to obtain higher injection velocities. A 0,.553-in,

(1.40 x 10'2m) diameter center tube was employed, making Dg/Dg = 0.44, and
the annulus fuel injection area was reduced to 0.05 in.2 (0.32 x 10'4m2)
(from 0,12 in,z; 0.77 x 10"4m2 in test No. 39 and 40). The fuel flowrate
was again split approximately 75, 20, and 5 percent in the center jet,'

annulus jets, and face coolant, respectively. The test was programmed for
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IMPINGING CONCENTRIC INJECTOR HOT-FIRE TEST RESULTS

TABLE 29

D D o ’“E\l(“? p, |JFost e F ; i ’ ) \ v ) X Mex Nex

Test | Duration, 2 g ap il _% |Recess (nozzle) vac o (total) wf(center) <"-’ann> ( g) center (Vg?ann 3 pg g ‘center P | Erom P From E,
No. | seconds in. [m x 10~ in. {m x 10_2 in. | mx 10_2 Dg D,Q psia N/m2 x 104 1b N R K |1b/sec | kg/s |[1b/sec |kg/s |1b/sec | kg/s | MR Ytot ¢ | ft/sec | m/s |ft/sec | m/s |ft/sec| m/s |psi N/m2 x 10* Dg g © %

39 0.46 0.234 0.594 0.744 1.890 0.027 0.069 0.32 0 479 330 3634 (16,164 865 | 481 |10.75 4.88 1.90 0.86] 1.40 0.64 |5.65 0.20 559 170 474 }' 144 99 130.2 56 39 1.03 92.3% 90.6*
40 1.96 0.234} 0.594 0.744 | 1.890 0.027 | 0.069 0.32 0 502 346 3857 | 17,160 | 992 1551 |11.69 [ 5.30 | 2.04 0.92] 1.51 (0.68 {5.72 ] 0.20 657 | 200 | 547 167 111 {33.8 | 71 49 1.01 89.1 88.5
41 2.03 0.243 0.617 0.553 1.405 0.012 0.030 0.44 o 522 360 4011 {17,840 | 1096 | 609 [11.87 [ 5.38 2.01 0.91} 1.48 |0.67 [5.92 0.20 1152 351 | 1643 501 104 |31.7 |220 152 0.75 92.7 91.5
42 2.05 0.243] 0.617 0.553 [ 1.405 0.026 | 0.066 0.44 0 513 354 4010 | 17,840 | 1091 | 606 [11.76 | 5.33 [ 2.05 0.93f 1.33 |0.60 |5.73] 0.35 1067 | 325 | 1212 369 104 [31.7 (184 127 0.82 92.2 91.9
43 2.05 0.243} 0.617 - |0.454 | 1.153 0.026 | 0.066 0.54 0 484 334 3810 | 16,950 | 1087 | 604 | 11.20 | 5.08 | 2.09 0.951 1.3 (0.62 [5.35 ] 0.35 1644 | 501 | 1306 398 99 |[30.2 (427 294 0.62 91.5 91.2
44 2.16 0.189 | 0.480 0.553 | 1.405 0.021| 0.053 0.34 0 476 328 3780 | 16,810 | 1113 [ 618 | 10.49 |4.76 | 2.22 1.01 1.65 |0.75 {4.73{ 0.26 1418 | 432 | 1481 451 152 {46.3 {303 209 0.73 96.1 95.9
45 2.16 0.553 | 1.405 0.34 0 523 361 4169 | 18,540 | 1129 | 627 |[11.78 |5.34 | 2.26 1.03| 1.69 |0.77 {5.22] 0.25 1337 | 408 | 1409 429 171 {52.1 {292 201 0.84 95.1 95.0
46 2.15 0.454 1.153 0.42 0 487 336 3933 (17,490 | 1085 [ 603 |{11.28 | 5.12 2.10 0.95( 1.57 |0.71 {5.36 0.26 1863 568 | 1336 407 165 {50.3 |560 386 0.71 93.3 94.1
47 2.12 0.454 | 1.153 0.42 0 537 370 4334 | 19,280 [ 578 321 |12.60 |5.72 | 2.42 1.10) 1.81 |0.82 |5.21 | 0.25 1036 | 316 | 745 227 187 |57.0 {360 248 0.99 92.3 93.0
48 2.14 0.553 1.405 0.34 0 507 350 4086 | 18,170 | 550 306 113.02 5.91 1.85 0.84}1 1.31 0.59 {7.04 0.29 552 168 669 204 189 {57.6 94 65 1.63 94 ,0** 92 .5**
49 2.16 0.553 | 1.405 0.34 1 486 335 3640 | 16,190 1087 (604 {10.14 | 4.60 | 2.03 0.92] 1.51 {0.68 {4.99 | 0.26 1275 | 389 | 1234 376 148 (45.1 (250 172 0.78 96.3 94.3
50 2.14 0.603 | 1.532 0.32 1 484 334 3663 {16,290 1068 |593 ]10.21 [ 4.63 | 2.03 0.92] 1.51 |0.68 [5.02 | 0.26 1066 | 325 {1219 372 149 [45.4 (176 121 0.86 95.3 94.3
51 2.13 0.454 1.153 0.43 1 482 332 3639 [ 16,190 1069 594 110.21 4.63 2.03 0.92] 1.51 0.68 (5.03 0.26 1889 576 |1229 375 151 |46.0 (571 394 0.65 95.2 93.8
52 2.12 0.553 | 1.405 0.34 1 515 355 3902 (17,360 | 581 [ 323 [10.76 | 4.88 | 2.44 1.111 1.82 |0.83 |4.41| 0.26 759 | 231 ] 792 241 158 {48.2 (179 123 0.98 96.0 95.0
53 2.14 0.553 } 1.405 0.34 1 522 360 3939 [ 17,520 | 565 | 314 |11.56 |5.24 | 2.19 0.9971 1.64 [0.74 {5.28 | 0.25 664 | 202 | 683 208 171 |52.1 {141 97 1.19 92.2 90.6
54 2.14 0.553 1.405 0.34 1 507 350 3670 | 16,320 | 555 308 [12.66 5.74 1.94 0.88] 1.45 0.66 [6.51 0.25 600 183 622 190 186 ]56.7 |113 78 1.45 86.4 81, 1***
56 2.17 0.553 1.405 0.34 1 505 348 3749 | 16,680 | 887 493 110.29 4.67 2.08 0.94] 1.53 0.69 14.93 0.26 1122 342 984 300 153 146.6 |223 154 0.84 99.4 97.6
57 2.15 0.454 1.153 0.43 1 511 352 3784 | 16,830 | 859 477 110.30 4.67 2.20 1.00; 1.64 0.74 [4.69 0.25 1559 475 11048 ‘ 319 154 [46.9 [490 338 0.70 99.9 98.0
58 2.13 {! / 0.553 | 1.405 Y Y 0.34 1 514 354 3797 {16,890 | 568 | 316 | 10.77 | 4.89 | 1.94 0.88j 1.45 [0.66 [5.55| 0.25 630 | 192 | 643 : | 196 160 |48.8 |119 82 1.21 98.2 95.8

*Too short duration for performance calculations (0.500 seconds or less) L* = 57.6 in. (1.46 m) for tests 56-58
**Ran out of methane during test L* = 30 in. (0.76 m) for all other tests
***Lost piece of nozzle exit during test, thereby making thrust measurement unreliable
R-8361

307




2 seconds of mainstage at a 500-psi (345 x 104 N/m2) chamber pressure and a

5.75 mixture ratio,

A performance gain of about 2.5 percent was realized with the higher gas
velocities. However, posttest inspection revealed significant erosion,
about 1/8 in, (0.32 x 10"2m) deep, in the stainless-steel portions of the
injector cup between the FLOX orifices, A photograph of the injector damage
is presented in Fig, 131. The increased fuel injection velocity apparently
significantly increased the cup recirculation resulting in the injector

cup erosion.

Injector repair procedures included cleaning up the eroded section of the cup,
thereby making a slightly deeper cup, and machining a graphite insert to
replace the Rigimesh face coolant. A schematic of the injector assembly is

presented in Fig. 132,

Tests No. 42 and 43, Essentially the same geometry and operating condi-

tions were employed in test No. 42 as in 41, The main difference was that

the annulus fuel flowrate was increased to approximately 35 percent in an
effort to limit the cup recirculation as had been done successfully in Task I,
and simultaneously to evaluate the effect of percent annulus gas on performance
as required in the test plan. No face coolant fuel was required with the

repaired injector,

Posttest inspection revealed minor cup erosion similar in position to the
erosion in test No. 41 but not as deep or extensive., However, the combustion
efficiency was only approximately 91 percent, so the (center) fuel injection
velocity was again increased by decreasing the center jet diameter for test

No. 43. All other operating conditions and test hardware remained constant
except the targeted mixture ratio. This was decreased to 5.35 in an additional
effort to increase performance, A 2-second mainstage duration was again

employed.
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Posttest inspection revealed hardware damage similar to that occurring in

test No. 41, The increased fuel injection velocity induced more recirculation
resulting in significant injector erosion, approximately 1/4 in. (0.64 x
10"2m) deep, in the stainless-steel sections between the FLOX tubes and 3/8--
in. (0.95 x 10'2m) deep in one of the stainless-steel annulus tubes. However,
the graphite section of the cup was still intact. The performance which may
have been influenced by erosion of one of the annulus tubes attained in test
No. 43 was still in the 9l-percent range and no instabilities were observed.
Injector repair included machining the cup back approximately 0.7 in., (1.8

X 10-2m) deeper and fabricating a carbon cloth ablative cup insert to re-
place the eroded stainless steel and the graphite piece used in test No. 43,
This essentially returned the cup to its original dimensions. A schematic

of the injector repair is presented in Fig. 133.

Tests No. 44 through 48. The liquid tube diameter was decreased to
0.19 in. (0.48 x 10'2m) for tests No. 44 through 48 in an effort suggested

by the cold-flow correlations to increase performance. This resulted in
increased injector pressure drops (400 to 500 psi; 276 to 345 x 104 N/mz),
but the cold-flow data indicated approximately 4-percent gain should be
attained in combustion efficiency. The targeted mixture ratio was set at
5.25. Approximately 26 percent of the fuel was employed as annulus fuel,

The center fuel orifice diameter (0.533 and 0.445 in.; 1.40 and 1,13 x 10"2m)
and the fuel injection temperature (1100 and 570 R; 611 and 317 K) were
varied during these tests. A 2,15-second mainstage duration was obtained

in each of these five tests at a nominal 500-psi (345 x 104 N/m2) chamber

pressure.

Posttest inspection of all five tests revealed only very minor erosion of

the ablative cup and of one stainless-steel annulus tube. The actual mixture
ratio obtained in the first test was somewhat lower than planned (4.73)
because of higher than anticipated system pressuré loss. This was corrected
in tests No. 45, 46, and 47 and target mixture ratios were obtained., The
methane manifold pressure was too low (because of lack of methane in the

K-bottle bank) in test No. 48 resulting in an increasing mixture ratio
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throughout the mainstage duration. However, no hardware damage occurred,
Combustion efficiencies increased by approximately 3 percent reaching 95
percent at 5.22 mixture ratio (test No. 45) and 96 percent at a mixture
ratio of 4,73 (test No. 44). Combustion was stable during each of these

tests,

Tests No, 49 through 51. Tests 49 through 51 were conducted with recess-
ed FLOX tubes, The same FLOX tube diameter and annulus fuel tubes were uSed
for these tests as in tests 44 through 48, but a 0,200-in., 0.508 x 10_2m
(one liquid post diameter),recess was employed. These tests were programmed
for a 2-second mainstage duration at a 500 psi (345 X 104 N/mz) chamber
pressure, a 5.25 mixture ratio, a 1070 R (594 K) fuel injection temperature,
and 26 percent of the fuel in the annulus tubes. The center fuel diameter
was varied during these tests from 0,445 to 0.553 to 0,603 in, (1.13 to 1.40
to 1,53 x 10-2m) to find the optimum diameter. No hardware damage or insta-
bilities occurred and test results showed an insignificant (less than 0.5

percent) change in combustion efficiency.

Tests No. 52 through 54. In the next test series, a mixture ratio

perturbation was made with the same hardware configuration as was used for
test No, 49‘(Dg = 0,553 in,; 1.40 x 10"2m). Operating conditions were also
the same except for the fuel injection temperature (ambient temperature
methane was used) and the mixture ratio (4.4 to 6.5). Posttest inspection
revealed very minor erosion in the ablative section of the cup and at one
annulus fuel tube. Test results were satisfactory with nc* ranging from

approximately 86 to 96 percent, No evidence of instabilities was observed.

Tests No., 56 through 58. The same injector configuration and essenti-

ally the same operating conditions were used in these tests as was used in
tests No. 49, 51, and 53, However, the chamber characteristic length was
increased to 57. 6 in, (1.46 m)(29.2-in.; 0.74 m injector-to-throat length)

to reduce performance losses caused by incomplete vaporization,
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All tests were programmed for 2 seconds of mainstage duration at 500-psia
(345 x 104 N/m2) chamber pressure and 5.25 mixture ratio. The center fuel
injection area was varied in test No. 56 and 57’with approximately 860 R
(478 X) fuel injection temperature. An ambient fuel injection temperature
was used in test No. 58 while the center fuel tube remained constant, In
addition, a series of three pulses, from 20, 40, and 80 grain (1.3, 2.6 and
3 s)

intervals in test No. 58 after steady-state performance was achieved. These

5.2 x 10"3 kg) charges, were programmed to fire at 200-msec (200 x 10

pulses were directed in the radial, chordal, and tangential directions,
respectively, Posttest inspection revealed minor erosion in the ablative
section of the cup and in the graphite chamber inserts for test No. 56 and
57. After tests No, 58, hardware inspection revealed the pulse gun disturb-
ances had damaged the graphite liner in the chamber spacer, although damage
to the chamber spacer was negligible. Test results were satisfactory with
no evidence of instabilities and performances were at the 97 to 99 percenf
level,

Test Results

Performance. Corrected combustion efficiency was the index of injector per-
formance for the experimental program, This parameter was calculated by two
independent methods, one based on chamber pressure and the other based on
thrust., The procedures for computing the performance are summarized in
Appendix B, Efficiencies based on thrust averaged about 1.1 percent (ranging
from 1.3 percent more to 2.5 percent less) less than those based on chamber
pressure, although the observed trends were always the same. Techniques for
obtaining the chamber pressure and thrust parameters are described in
Appendix C along with some factors which may explain the thrust and chamber
pressure efficiency differences in Task I. A similar discussion would apply
‘to Task IV results.

Efficiencies from both chamber pressure and thrust are presented in Tables
28 and 29 for all tests with the tricentric with centerbody and impinging

concentric injector concept. These results are discussed in the following
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sections, where for simplicity in presentation the numerical average of the
efficiencies calculated from chamber pressure and thrust is plotted and

described.

Tricentric with Centerbody Injector. Twelve tests of sufficient dura-

tion for steady-state conditions were conducted with this injector concept,
The operating conditions and performance data were presented in Table 35?.
The parameters investigated included mixture ratio (MR), the difference in
injection velocities (Vg-VQ) and FLOX injection velocity (Vz) along with
several geometric variables, specifically, the ratios of inner-to-outer gas

), and annulus gaps (Y. /Y .)

annulus areas (Ain/A in’ Yout)g®

out
The measured effect of mixture ratio is illustrated in Fig. 134 for constant
geometry, Vl’ and essentially constant Vg-VQJe The effect is very similar

to the cold-flow predicted performance trends previously observed in Task II
and III. As the mixture ratio is decreased from 5.5 to 4.5, the combustion
efficiency for this particular geometry increases from approximately 91 to

97.4 percent, Thus, the performance of this injector concept is seen to be

quite sensitive to injected mixture ratio,

The data presented in Fig. 134, which is for zero FLOX tube recess, were used
to correct all tests made with zero recess to a constant mixture ratio for
evaluation of other parameters. The data for the zero recess tests were
corrected .to a 5.25 mixture ratio and plotted in Fig, 135. Note the slight
increase in performance as Vg-vz increases, i.e., as Vg~VQ increased from
about 900 to 1600 ft/sec (274 to 488 m/s), nc* rose on the order of 3 percent,
Similar results were seen in cold-flow vaporization data and in the extrapo-
lations of Vg Vz versus n_ from cold-flow tests over this range of V VQ
However, cold-flow results 1nd1cate a higher degree of performance sen51t1v1ty

as the injected Vg—V is decreased into the 300 to 800 ft/sec (91 to 244 m/s)

L
range,

In addition, orifice geometry effects on nc* are evident in Fig, 135. The

top two curves in this figure represent different values of inner-to-outer
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fuel injection areas (Ain/A ) . and annulus gaps (Yin/Y ) at a constant

out’g out’g

centerbody diameter and liquid injection velocity. Although there are not
sufficient data to distinguish between the individual effects of these two
parameters, clearly a 5 percent increase in performance was achieved by

) and (Yin/Y )g from 1.5 and 2.8 to 1.0 and 1.9, This

out’g out
improvement matched very closely that expected on the basis of cold-flow

changing (Ain/A

injector modeling data. The improved performance with (Ain/Aout)g = 1 implies
the desirability of equally dividing the injected gas flow between the inner
and outer annuli., The lower curve in Fig. 135 represents data obtained at a
reduced FLOX injection velocity (V2 = 25 ft/sec;,7.6 m/s), indicated by cold
flow to be a desirable change. Unfortunately, low-frequency instability
(chug) was present in these tests, which undoubtedly influenced the perform-
ance. For this reason, the existing hot-firing test data do not define the
influence of VQ on performance. No instability of any kind was observed in

any of the other tests.

All tricentric injector performances except those for the two low liquid
velocity tests which exhibited chugging are shown together in Fig, 136 as a
function of mixture ratio. Lines are drawn through data obtained with fixed
injector orifice geometry and recess. The only variable not shown explicitly
is Vg-VQ which was seen in Fig.135 to be of secondary significance over the
range used in these tests relative to MR and injector design, Again the 5
percent improvement with orifice area and gap ratio change is apparent. In
addition, the strong performance improvement gained with FLOX annulus recess
(0,200 in.; 0.508 x 10_2m) is evident. At MR = 5,25, the gain in'n&* was

5 percent,

As illustrated in Fig. 136, the 5000-1bf (22,220 N) thrust/element recessed tri-
out)g = 1.0 and (Yin/Yout)g
formance of 97.5 percent at the nominal conditions (Pc = 500 psia; 345 x 10
N/mz, MR = 5.25) in the 30-inch (0.76 m) L* chamber, which exceeds the target

of 96 percent. In fact, this target performance is reached at mixture ratios

centric injection with (Ain/A = 1.9 achieves a per-

4

up to 6.0. Although not tested at the fuel gap ratio indicated by cold-flow
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tests to be optimum, the zero-recess version of the tricentric injector

achieved 96 percent nc* at mixture ratios just under 5.0.

One of the main objectives of the FLOX/CH4 hot-fire tests was to empirically
verify the performance analysis techniques. This represents the first thor-
ough test with a gas/liquid injection system of these techniques which were
previously developed and tested with liquid/liquid propellant. Thus, the
cold-flow results were interpolated to the hot-fire operating conditions, to
obtain a performance prediction for each hot-fire test. The methods used for
these performance predictions have been outlined in a previous section (Task
II). Briefly, values of mean dropsize, D, and (nc*)mix were obtained from
cold-flow curves*, interpolated to the appropriate geometry. These values
were corrected (using other cold flow curves) to the appropriate MR, Vg—Vz,
and (where applicable) FLOX annulus recess. No physical property corrections
were made to D because generally accepted dropsize corrections as a function
of liquid properties were lacking. The cold-flow values of D (and appropriate
dropside distributions about D) were input to standard vaporization-limited
combustion models from which values of (nc*) were then calculated. Pre-

vap
dicted values of Ne» Were obtained as the product of (nc*) X (nc*)

vap mix’

The predicted performance versus actual hot-firing performance attained with
this injector concept is presented in Fig. 137. Only the ten 75-ft/sec (23
m/s) liquid injection velocity tests were used in the tricentric with center-
body predictions, discounting the two low VQ tests where chugging instability
was encountered. The predicted performances were within a *3 percent band over
a range of actual performance from 82.5 to 98 percent. The correspondance

between cold-flow and hot-fire performances was considered extremely successful.

*A more accurate, but somewhat more time consuming approach would involve
interpolating to the appropriate value of Ep and then predicting (n.*) from
generalized curves of (N *)pjx versus Em as a function of mixture ratio for
the appropriate propellants.
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It should be pointed out that these performance predictions were made

without recourse to any hot firing efficiency data.

Impinging Concentric Injector. Seventeen tests of sufficient duration

for steady-state conditions were conducted with this injector concept. The
operating conditions and resultant performance numbers are presented in

Table 29,

To briefly review the test plan, consider the following. From an analytical
standpoint, a most suitable set of independent design/operating variables for

this injector is: Dz, DQ/D , D V , X /D, w s /w (or annulus

g8 p’' g’ "g’ann’ "g’tot’ Vg,ann
gap), and post recess. These variables (except for Vg ann) were individually

investigated in Tasks II and III, For engine operation at a selected mixture
ratio and total flowrate, however, two of the first six variables become
dependent. Thus, in the selected hot-firing test plan, based on the nominal
mixture ratio and chamber presSure the chosen set of independent parameters
was: 2’ R/D > X /D ( ann tot
worthy that ngg2 became a dependent parameter, and, in fact, varied inversely

) *, Under these conditions it is note-

with Xp/Dg. From an operational standpoint the injected methane temperature
was varied, permitting changes in Xp/Dg (and pgvgz) for fixed hardware.

Performance results of the hot-fire tests are discussed below.

Cold-flow data and analysis 1ndlcated that the percentage of CH (g) (up to

40 percent) could be varied with little effect on n o g,ann/ g, tot was
1nvest1gated early in the hot-firing test series w1th DQ = 0.24 in, (0.61 x
10~ m), %/D = 0,436, zero recess, a 30-in, (0.76 m) L* chamber and approxi-
mately constant X /D (0.75 to 0.82). The dependent variable pgvg2 was in
the range 184 to 220 psi (127-152 x 10 N/m ). As seen in Fig,./3§, variation
in (wann/wtot)g from 0.20 to 0.35 produced no change in performance under
these conditions, as predicted by the cold-flow data. All subsequent tests

were made with the percent annulus gas in this range,

*In the actual hot-firing tests, two additional parameters were investi-
gated: FLOX post recess and chamber L*.
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Figure 138, Annulus Gas Effect on Performance: Impinging
Concentric Injector

All seventeen impinging concentric injector performance data points are plotted
in Fig, 139 as a_functibn of Xp/Dg. As shown, 14 of these were in a 30-inch
(0.76 m) L* chamber, the remaining three being obtained in a 57,6-in. (1,46 m)
L* chamber. Curves connect the points obtained with fixed orifice dimensions
(Dz and Dz/Dg). Tests with flush FLgx posts are rapresentedvby open symbols
and those with 0,200-in. (0,508 x 10" “m) post recess by closed symbols, In
terms of Xp/Dg,;an optimum appears to be in the range 0,70 < Xp_/Dg < 0.85 |
with a substantial decline as XP/D§ is increased to 1.0 or greater. It must
be remembered, however, that pgv » which here is a dependent variable, is
decreasing with the larger xp/Dg and probably is responsible for some of this

decline.

To see this effect more clearly, the data are replotted in Fig.l40 against the

ratio of total gas to total liquid momentum, M

essentially analogous to pgvg

g,tot/M£° This parameter is
, but was chosen because it reflects contributions

. it elat .
of g,ann as well as Vg;genter and because it was used to correlate the Task I
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data. An expected rise in performance is evident as the relative total gas
momentum increases from about 0.5 to 1.5. Subsequently, the curves level off,

quite likely because of a tradeoff between pgvgz and Xp/Dg.

All of the impinging concentric injector performance data are plotted vs mix-
ture ratio in Fig. 141; however, the mixture ratio effects cannot be directly
ascertained because other‘parameters (pgvgz, Xp/Dg’ etc.) were varying at the
same time. If the mixture ratio effects are the same as those of the tricen-
tric with centerbody injector (Fig. 134), then the slope of the curves would
be nearly identical to that of the 30 in (0.76 m) L* curve (Fig. 141) between

mixture ratios of 5.0 and 6.5.

Referring back to Fig. 139, the influence of the geometric parameters is readily
apparent and follows the trends predicted from cold-flow analysis. For fixed

Dz/Dg,
figuration produced c* efficiencies from 2 to 5 percent higher than those of

0.24 in. (0.61 x loﬂzm), depending on the value of XP/Dg

the smaller liquid diameter (DQ = 0.19 in.; 0.48 x 10'2m) injector con-

the design with Dz
at which they are compared. Similarly, a decrease in DQ/Dg from circa 0.4 to

0.3 raised Nox approximately 2 percent for a given D These effects are

0
shown again in Fig.. 142 for a relatively optimum Xp/Dg'
Examination of Fig. 139 for D, = 0.19 (0.48 x 10™°m), D,/Dy = 0.3, and L* =

30 in. (0.76 m) shows that recessing the FLOX posts by 0.200 in. (0.508 x 10‘2m)

had little effect on performance (i.e,, the gain was no more than 0.5 percent).

The performance just reached the target of 96 percent for the tests in a 30-in.
(0.76 m) L* chamber under the best conditions tested. The long L* (57.6 in.;
1.46 m) chamber tests were performed using the recessed post injector with

D, = 0.19 in. (0.48 x 10‘2m) and DZ/Dg = 0.3. These tests were designed (1)

to improve performance by reducing (nc*) losses, and (2) to provide hot-

vap
firing data which could be used directly to distinguish between incomplete vap-
orization and imperfect mixing performance losses. As expected, a substantial
performance gain was achieved (4 to 6 percent) as can be seen in Fig. 139, re-

sulting in Nex performance from 97 to 99 percent.
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An apparent dropsize can be determined by combustion model analysis of per-
formances for tests conducted at 30 in. (0.76 m) and 57.6 in. (1.46 m) L* and
at constant operating conditions. This process yielded mass median dropsizes
on the order of 150u (150 x 10~6 m) for two of the three* long L* tests, thus
indicating vaporization efficiencies to be on the order of 99 percent at the
57.6 in, L*. Therefore, the mixing efficiencies, (nc )mlx were approxi-
mately 100 percent for these two tests (X /Dg = 0.7 and 0,84, center

Py g2 223 and 490 psi; 154 and 338 x 104 N/m%). Performance in the 30-in.
(0. 76 m) L* tests with X /D in this range (and with DQ = 0,19 in.; 0,48 x
10” m, Z/Dg = 0,3) were then almost entirely vaporization limited, Based
on the foregoing analysis, nc* was calculated from the combustion model as a
function of chamber L* for the following injector conditions: X /D_ =0,8,
DQ = 0,19 in,; 0.48 x 10‘2m, Dz/Dg = 0.3, recess = O.ZIiQ: (0.5 x,lO"zm).
The results provide a continuocus curve between the experimental data at

L* = 30 and 57.5 in, (0.76 and 1.46 m) as is shown in Fig. 143. Clearly,
only small increases in chamber length would be required to exceed 96 percent

*
ﬂc .

As in the case of the tricentric injector, cold-flow data were used to predict
.nc* for each of the hot-firing tests. The steps used in the prediction are
systematically described in the Task II section. The approach and assump-
tions were analogous to those used with the tricentric injector performance
predictions. Predicted results are plotted versus the measured Nex values

in Fig,144 , The 13 data points obtained with the D, = 0. 19 in,

(0.48 x 10~ m) injector follow a line about 4 percent below the hot-firing
values, This difference is attributed primarily to the large extrapolations
required in both ﬁ'and (N *)pix from cold-flow values of ng ( 5 to 15 psiy
3. 4 to 10 3 x 10 N/m ) to hot-firing conditions** (p ng ~ 250 psi; 172 x
104 N/m ). This extrapolation is illustrated in Fig.145 in terms of D, For

the prediction of nc*, the straight line through the two cold-flow data was

*The éperatiﬁéhédnditions on the third long L* test were not sufficiently
close to any 30 in, (0.76 m) L* test to establish a reliable efficiency
gain with increased L*,

**As previously mentloned 500-psi (345 x 10 N/m ) chamber pressure, hot-
firing levels of pgyVy“ are unattainable in atmospheric pressure tests such
as Used in Tasks I% and III due to the large difference in gas density.
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used to extrapolate to a value of D = 210u (210 x 10—6m) at (p V 2) =

. 4 ., 2 : : center

200 psi (138 x 10" N/m”). Analysis of the subsequent hot-fire data indicates
that D was actually about 140u (140 x 10"6m). Connecting the cold-flow drop-
size; at low nggz with a few apparent D values from hot firing at large
pgvg as illustrated in Fig., 145 should provide a refined and considerably
improved capability for describing parametric effects of ng and for

performance prediction,

Some additional error was indicated in predicting the influence of X_/D on
performance. In particular, the cold-flow curves appear to under-estimate
the values of nc* for 0.5 < Xp/Dg < 0.9,

For the four tests with D2 = 0,24 in. (0.61 x 10’2m) there were no direct cold-
flow data to predict orifice geometry effects on D and (n *) as there had
been with Dg = 0,19 in. (0,48 x 10~ m) (Fig. 112 and 113). Instead it was
necessary to interpolate between the line DQ = 0.19 in. (0.48 x 10—2m) and

the other cold-flow data line at DQ = 0.40 in. (1.02 x 10’2m). Between these
two values there was a difference of 30 percent in (n *)mi . An attempt was
made to graphically interpolate between these curves. Obviously this attempt
g = 0.24 in.
(0.61 x 10~ m) fell on a line about 5 percent further below the measuredn *
line than did the 13 data points at D, = 0,19 in. (0.48 x 10~ %m), where this

was not too successful. The predictions for the four tests with D

L
interpolation was unnecessary.

Stability. Stability characteristics of the injector were of primary
concern throﬁghout the hot-fire testing. Wide-frequency range, fast-respond-
ing instrumentation was used during each test to monitor the stability char-
acteristics., The instrumentation consisted of one axial accelerometer, one
oxidizer injection pressure Photocon, and from one to three chamber pressure
Photocons depending on the thrust chamber used. The chamber pressure Photo-
cons were mounted from 1.25 to 3 inches (0.032 to 0.076 m) downstream of the
injector face. Output from this instrumentation was recorded on tape, trans-
cribed on oscillogram type recorders, and for some tests transcribed on

expanded-scale Brush recorders.
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Dynamic stability characteristics were observed during test 58, For this
test, three pulse guns were fired, each with different size charges, i.e.,
20, 40, and 80 grains (13.0, 25.9, and 51.8 x 10_4 kg). The charges were
sequenced to fired in order of ascending weight from the radial, chordal,
and tangential pulse guns, respectively. About 200 msec (200 x 10—35) were
allowed between the pulse gun'firings, which were sequenced after approxi-

mately 1.6, 1.8, and 2.0 seconds of mainstage.

A typical expanded Brush record is presented in Fig, 146 showing the 80-grain
charge disturbaﬂce from the tangential pulse gun (test 58). The trace for
the PC Photocon shows an overpressure of about 1000 psi (690 x 104 N/mz)
above the nominal chamber pressure. As shown, each of the traces indicate
that the disturbance damps in less than 5 msec (5 x 10_3 s). The magnitude
of the PC overpressures is inconclusive and serves only to show that the
disturbances were significant. The pulse gun pulses did not produce a FLOX
injection pressure overpressure, possibly because of its location upstréam

of the injector.

Generally, the stability records indicate that the injector/thrust chamber
was statically stable, However, tests 032 to 034, with the low liquid (FLOX)
veloc1ty tricentric with centerbody injector, did exhibit 500 to 600 Hz 05011-
lations at peak-to-peak amplitudes of 200 to 300 psi (137 to 206 x 10 N/m )
during mainstage. These oscillations were apparently feed system coupled,
possibly related to the low FLOX injection AP, All other tests with the tri-
centfié injector and with the recessed impinging concentric injected were
characterized by mainstage peak-to-peak pressure amplitudes less than 15 per-
cent of the operating pressures. A typical case is illustrated in Fig, 146,

before and after the pulse gun disturbance.
The observed stability characteristics are briefly summarized as follows:
1. Each of the three pulse gun disturbances in test 58 damped in less

than 5 msec (5 x 10_3 s), suggesting that the impinging concentric

injector is dynamically stable,
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The low FLOX velocity tricentric injector was moderately unstable,
characterized by 200 to 300 psi (137 to 206 x 104 N/mz) oscilla-
tions (peak-to-peak) at 500 to 600 Hz.

All other tests were stable with oscillations less than *5 percent

of the operating pressure,

No acoustic type instabilities were observed, and if present, were

very weak,

Low-frequency (50 to 500 Hz) chugging was observed at the start and

cutoff during some of the tests, dissipating in a short time,

The accelerometer activity was very low and often swamped by instru-

mentation noise,

Overall stability characteristics were very good.
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DISCUSSION OF RESULTS

In reviewing results of the four major program tasks, several items bear a
need for further discussion. First of all, it is interesting to compare
results of Tasks I and IV, in which different propellants were fired using
the novel impinging concentric injector. It is also appropriafe at this
point to critique the cold-flow analytical procedure, as the Task IV tests
represent a milestone in empirical verification of these methods as applied
to gas-liquid injectors. Next, the performance capabilities are discussed
relative to large thrust/element impinging concentric and tricentrié injec-

tors applied to LOX/GH, as well as FLOX/CH Finally, performance pre-

4(g)’
diction procedures are outlined using the cold-flow data and the correla-

tions generated through the program.

COMPARISON OF LOX/H2 AND FLOX/CH4 PERFORMANCES
WITH IMPINGING CONCENTRIC INJECTORS

The impinging concentric injector concept was first de?eloped and applied to
the LOX/hot gas/H2 system under the Two-Stage Injector program, Contract
NAS3-7962, where it proved to be quite successful in terms of both perform-
ance and stability. This concept, previously illustrated in Fig. 3, is
truly a hybrid between basic impinging and concentric types of injectors.

It was subsequently tested in Task I of the subject program using LOX/H2(g)
propellants, where it again provided high performance and stability, Finally,
it was chosen as one of the two concepts that were evaluated in Task IV with
FLOX/CH4(g)a Table 30 compares some of the pertinent test conditions under

which this injector type has been tested,

It is informative to plot together some of the performance data versus key
parameters obtained with this injector concept during the different hot-firing
efforts. Although, the curves would certainly not be expected to merge, their
trends are interesting to compare. The Task I and Two-Stage data were cor-

related (Fig. 27 and 29) in terms of: (1) the mixing efficiency, (nc*)mix’
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TABLE 30

TEST CONDITIONS FOR THE IMPINGING CONCENTRIC INJECTORS

Contract NAS3-7962 | Task I Task IV
Propellant LOX/hot gas/H2 LOX/GH2 FLOX/CH4
Mixture Ratio (nominal) | 5,0 5.0 5.25 to 5.75
Thrust/Element, 1bf (N) 5,000 , 20,000 | 20,000 5,000
(22,200) (88,900) | (88,900) | (22,200)
Chamber Pressure 500 500 500
(nominal), psi (345) (345) (345)
(N/m? x 104)
Impinging Concentric 120 120 90
Orifice Included Angle, | (2.1) (2.1) (1.6)

degree (rad.)

as a function of the liquid-gas penetration parameters, Xp/Dg; and (2) the

vaporization efficiency, (nc*) , as a function of the gas-liquid momentum

vap
ratio, Mg/Mz' Under Task I, a series of (six) long chamber tests (L* = 75in.;
1.9 m) permitted an easy distinction between (nc*)mix and (nc*)vap losses,
For the Task IV FLOX/CH4(g) data, three moderately long chamber tests (L* =

‘57,6 in,; 1.46 m) were made. To discern between (nc*) and (nc*) for

vap mix

all the Task IV data, however, it was mnecessary to use analytical calcula-
tions. For this purpose, the correlations were utilized that produced the
(nc*)pred/(nc*)actual correspondence illustrated in Fig.144, refined for a
"best fit" with the hot-fire data, ’

The comparisons are shown in Fig.147 , The propellant mixing, based on
Task I data, rose continually as XP/Dg increased from about 0.4 to 0.8.
With all the Task IV data included as well, an apparent optimum is seen for
0.7 ¢ Xp/Dg < 0.9. The Task IV data plotted in this manner indicate the
improved performance with smaller liquid orifices (Dz = 0,19 in,; 0.48 x
mix® The (nc*)mix data for dif-
ferent DZIDg (0.33 and 0.43) tend to merge. For the Task I tests, Dm and

DQ/D were not varied,
g

10"2 m) is due to an improvement in (nc*)
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Vaporization-limited combustion efficiencies are plotted in Fig.147. Again,
overall trends of the Task IV data (with Mg/Ml) show a distinct similarity

to those generated under Task I, i.e., a continuous rise in (nc*)vap with
increasing Mg/M£° For the short chamber tests (L* = 30 in.; 0.76 m), the
FLOX/CH4(g) (nc*)vap levels (Task IV) were a couple of percent lower than
those obtained in Task I and Contract NAS3-7962. Figureld4?7 shows this to be
due to the relatively low levels of Mg/Mz (0.5 to 2,5) employed in Task IV

as compared to those used with the 02/H2 systems (2,5 to 9)*. Strong chamber
L* influence is seen in the figure as expected based on the analysis. Another
notable parametric effect is that of Dg/Dg’ whereby the lower values led to

better atomization and thus improved (nc*) for the Task IV tests.

vap
In summary, the Two-Stage (LOX/hot gas/Hz) and Task I (LOX/HZ(g)) results can
be compared directly with Task IV (FLOX/CH4(g)
c*)mix and of Mg/M2 on (nc*)vap' Qualitatively,
the respective trends observed with these variables appear to be identical

) data in terms of the observed

influences of Xp/Dg on (n

for the different propellant systems. For 30-in. (0.76 m) L* chamber tests,
slightly better vaporization was achieved with 02/H2 systems, possibly due

to the higher Mg/Mz attainable with these propellants. On the other hand,

at "optimum" Xp/Dg essentially 100 percent (nc*)mix was accomplished with the
(5000 1bf; 22,200 N thrust per element) FLOX/CH4(g) system, compared to about
98 percent for the (20,000 1bf; 88,900 N thrust per element) LOX/Hz(g) system,
The implication is that with Dz smaller than the 0.509 in. (1.29 x 10-2 m)

used in Task I, an improvement in (nc*) may have been possible,

mix
EVALUATION OF COLD-FLOW/ANALYTICAL METHOD

The hot-fire data obtained in Task IV provides the first opportunity for a
quantitative empirical test of the use of cold-flow injector modeling tech-

niques for performance analysis of gas-liquid injectors. These methods have

*With the FLOX/CH4(g) system it is more difficult to obtain high Mg/Mg. For
the Task IV tests, this level was further limited by the CH4(g) heater
capabilities,
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proved quite useful in application to liquid-liquid systems but prior test
of their use for gas-liquid propellant injector has been limited to confirm-
ing that parametric trends predicted for the concentric injector corresponded

to those observed in hot-fire testing.

Some words seem appropriate at this point to establish what might be expected
of the correlations. Task II (where most of the cold-flow testing was done)
was by intention of a survey nature, broad in scope of investigation rather
than intensive. This was appropriate for a first systematic evaluation of
performance characteristic of diverse gas-liquid injectors to clearly estab-
lish the parameters of principal importance and to gain some idea of how to
optimize them. Seven distinct injector element types were characterized, and
for most of these elements, size was varied., Five to seven parameters must
be specified for each injector type to define the conditions of operation.
Thus, many of the correlations obtained were limited to '"'two point curves"
and in other cases it was necessary to assume that parametric influence on
one injector type was the same as that of a similar concept for which there
were more data. Most test matrices were set up to evaluate a single param-
eter at a time with other variables maintained at nominal or baseline values,
Thus, interactions or nonlinear influence of two or more variables were, in
general, not evaluated. This was obvious in the performance correélation
procedures described in the preceding sections. Therefore, it was under-
stood a priori that a precise prediction of hot-firing performances would

be somewhat fortuitous, until some hot-firing data became available for
upgrading the correlations, Nevertheless, it was expected that parametric

trends would be accurately forecast.

Cold-flow predictions made for the Task IV tests were truly "pre-predictions."
In the case of the large tricentric element injector, there was no priori
hot-firing experience at all, and the impinging concentric injector had never

before been used with FLOX/CH The nc* predictions for the tricentric

4(g)°
injector were presented in Fig.137, where it was seen that the maximum dif-
ference between predicted and measured N.x Was 3 percent over a wide N range,

from about 80 to 100 percent. The average deviation was only 1.6 percent.
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Thus, the results were very gratifying. A single qualification is that no

liquid property corrections were applied to the measured spray dropsizes.

As expected, since the overall predictions for the tricentric injector were
this successful, parametric trends forecast by the cold-flow tests agreed
well with hot-firing test data., Minor differences included a slightly more
gradual decline of mixing efficiency with increasing mixture ratio than pre-
dicted, The other cause for the slight (#1.6 percent) difference between
(M)

(nc*)mix out
cold-flow data (Fig.j107). In effect, the hot-fire results provide an addi-

and (nc*)hot fire resulted from the necessity of interpolating

pred _
and D between values of (Yin/Y

) for which there was available

tional point that permits drawing a refined curve, still passing through the

existing cold-flow points.

For the impinging concentric injector, the predictions primarily fell along
a line (Fig. 144) about 4 percent below the experimental nc*. This was due
mainly to inaccurate extrapolation of D and (nc*)mix from cold-flow levels
of'pgvg2 (10 zo 152psi; 7 to 10 x 104 N/m2) to hot-firing levels (e.g., 250 L
psi; 172 x 10" N/m”)., A major conclusion resulting from comparison with the

hot-firing data is that D declines more rapidly with large increases in p V ?

g g
than suggested by the (limited range) cold-flow tests.* These conclusions

in no way contradict cold-flow data, however, but rather serve to again indi-
cate the need either to: (1) extend the range of cold-flow test parameters
or (2) use some hot-firing data to extend the curves., The one area in which

some disagreement was noted was in the correlation of (nc*) (or Em) Versus

mix

Xf/Dg’ where the cold-flow data underpredicted (nc*) by several percent

mix
for 0.5 S-Xp/Dg < 0.9, This points out the need for further improvement of

the recirculation model used in reduction of the raw cold-~-flow data,

Performance for the four tests with a larger FLOX post (DQ = 0,24 in.; 0,61 x

10_2 m) were underpredicted byran amount larger than the average 4 percent

*Very roughly, D is indicated to decline with (ng 2)0-3 rather than with
(ngg2)0=2 within the 10 to 250 psi (7 to 172 x 184 N/m?) range.
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error in predictions for the other 13 tests. This also appears to be an
interpolation problem, i.e,, the linear interpolation between cold-flow pre-
dictions of mixing efficiencies obtained at D2 = 0,19 in. (0.48 x 1()-2 m) and
DR = 0.40 in, (1,02 x ]O~2 m) was not correct. The remedy for this error is
, = 0.24 in.; 0.61 x 1072
(backed out of the hot-firing results) has been plotted between the existing
cold-flow curves for DQ = 0.19 in. (0.48 x 10“2 m) and Dz = 0,40 in. (1.02 x
1072 m).

illustrated in Fig, 148 in which the curve for D

PERFORMANCE CAPABILITY OF LARGE THRUST/ELEMENT INJECTORS

The tricentric with centerbody injector, using a 0,20 in, {0.51 x 10_2 m)
liquid annulus recess has already demonstrated 97 percent Nex with FLOX/CH4( )
at a mixture ratio of 5.25 and a 500 psi (345 x 104 N/m )] chamber pressure in
a 30 in. (0.76 m) L* thrust chamber. Analysis indicates thet this could be
increased»to 99 percent n_, with identical injection conditiqns in a 50 in.
(1.27 m) L* chamber, Several alternate paths are available for further per-
formance increase in a 30 in. (0.76 m) L* chamber. One approach would be to
use further FLOX annulus recess, The 0.20 in. (0.51 x 10~2 m) recesses in-
creased nc*bby 5 percent and further recess may yield further gains. However,

the recess led to a higher injection AP.

A more attractive approach would be to optimize the (annular) orifice exit

geometry in terms of (Ain/A and D . Adjustment of these

out)f’ (Yin/Yout)f’ plug

parameters has already shown (in Task IV hot-firing tests) performance im-
provement on the order of 5 percent. The best combination tested included
(Ain/Aout)f = 1.0, (Yin/Yout)f
2 percent improvement should be possible with (A. /A
Yout)f
ent 0.20in. (0.51 x 10~ m) recess. Even this latter comblnatlon of gas area

= 1,9, but the cold-flow data show that about

out)f = 1.0 and (Y. /
= 2.4, This would permit acquisition of 99 percent n_, with the pres-

and gap ratios may not be the best, for the combination of these two variables

along with D has yet to be systematically optimized, even in cold-flow

plug
testing.
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In summary, performance capabilities of the 5000-1b (22,200 N)-~thrust per
element tricentric with centerbody injector appear competitive with the best

conventional thrust per element FLOX/CH injectors. Its inherent stabil-

4(g)
ity and design/manufacturing simplicity make this an attractive candidate

for FLOX/CH This injector should also be suitable for LOX/Hz(g) appli-

4(g)°
cation where high performance may be still easier to obtain, For 02/H2,
(nc*)mix is less sensitive to maldistribution than FLOX/CH4 and in addition
higher values of (VU—VQ) would be feasible, which should permit a further

o

enhancement of both mixing and atomization,

Figure 143 illustrates the performance of the impinging concentric injector,
tested in Task IV, as a function of chamber L*, A 96-percent Nex is shown
at a 33 in. {(0.84 m) L*, A very promising means of improving the capabili-
ties of this injector (for any given chamber size) would be to increase the
included angle between impinging liquid streams from 90 to 120 deg; 1.6 to
2.1 rad (120 deg; 2.1 rad used in Task I). This would tend to increase
Xp/Dg for otherwise constant flow conditions, thus permitting operation with

YoLe 2 . . . .. .
a higher (ngg )center (and higher Mg/MQ) while maintaining Xp/Dg in the2

range for optimum propellant mixing. Under operational conditions (pgvg )center

was limited so that Xp/Dg could be in range of 0.8 to 0.9. The increase in
2

(ngg )center

and, according to analysis, should raise Mo to about 97 percent in a 30.in.

-and (N%/MQ) should decrease the mean dropsize, improving (nc*)vap
(0.76 m) L* chamber. Another possible means of increasing performance might

be to further decrease DQ/Dg‘ Both hot-fire and cold-flow data showed that

a decrease of DK/Dg to 0.3 was advantageous. Although early cold-flow work

in Task I indicated liquid spray fluxes to be less uniform for DQ/Dg <0.3,

it is possible that (nc*)mix may continue to improve for lower diameter ratios.
Still another possibility would be to optimize the recessed cup geometry to
improve performance. Cup geometry effects were not investigated during the

subject program.

Summarizing the capabilities of the impinging concentric injector, it is also
predicted to be capable of high (98 to 99 percent) c* efficiencies in short
chambers at the 5000-1bf (22,200 N) -thrust per element level with FLOX/CH4(g)
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(MR = 5.25). It has not yet demonstrated as good a performance as the tri-

centric injector concept with FLOX/CH however, and some design changes

s
such as suggested above would be requgiga to make it competitive with the
other injector type. With LOX/Hz(g) very high performance was demonstrated
as well as dynamic stability, even with a thrust per element of 20,000 1bf
(88,900 N) with GH2 at ambient temperatures or lower., Hotter fuel (gas)

would still further augment its performance with LOX/Hz(g).
PERFORMANCE CORRELATIONS

This section summarizes the recommended procedure for predicting gas-liquid
injector performance using the extensive cold-flow data and correlations gen~
erated under the subject contract. Injector types included are basic imping-
ing (pentad, triplet, unlike doublet), basic concentric (with or without
liquid post recess), concentric with liquid swirl, impinging concentric (four
concentric gas-liquid orifices impinging on a central showerhead gas stream),
and a tricentric with centerbody (gas-liquid-~gas) concept, The scope of this
investigation is such that many of the predictions are based on '"two point
curves' or even on analpgy with similar but different element types. The
correlations best apply to relatively large elements, e.g., 2000 to 20,000 1b
(8890 to 88,900 N) thrust/element, although most of the trends indicated are
'probably applicable to smaller scale injector elements as well, The follow-
ing correlations can be applied to LOX/HZ(g)’IpztR)/Hz(g)’ FLOX/CH4(g), etc,
Hot-firing verification of the correlations has been accomplished with the
tricentric injector injector (Task IV) and with the impinging concentric
injector concepts (Contract NAS3-7962, Task I and IV), In all of these tests,
pylindrical thrust chambers of contraction ratip 2.0 were used.

For the tricentric injector, the initial vaporization and mixing efficiency
correlations, based on cold-flow tests, provided a sufficiently accurate esti-
mate of the hot-firing results (Fig.137) so that no adjustment in the curves
or N predictiqn procedure is recommended, ‘Thus, the following stepwise pro-
cedure duplicates that used in Task IV for performance estimation, On the

other hand, hot-firing data from the impinging concentric injector provided
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a necessary improvement in the extrapolation of median dropsize and mixing

2
efficiency from cold-flow values of (ngg ) center

(Fig, 145 and 149). The dependence of mixing efficiency on Xp/Dg was also

to hot-firing test levels

refined and Fig. 150 is recommended for use with both 4-on-1 and impinging
concentric injector concepts. Finally, Fig.i481epresents an improved cor-
relation of mixing efficiency as a function of liquid orifice diameters,
The Task IV FLOX/CH

/%4 (g)

dicted values over the range from 85 to 100 percent (Fig. 151) using the im-

hot-fire data points were within 20,1 of the pre-
proved curves and performance prediction procedures described below.

Generally, the performance prediction procedure followed is to obtain a base
prediction of Em and D from the injector size and orifice geometry data avail-
able and to correct this prediction from baseline to planned hot-firing oper-
ating conditions. This requires an interpolation of Em and D as a function
of such parameters as (V VQ), X /D , etc, Then the mean dropsize, the pro-
pellant combination and mlxture ratlo, injection velocities (and total flow-
rate), and thrust chamber dimensions are applied as input to a standard com-
bustion model computer program (see pagelQS%hrough 199), which calculates

The appropriate value of E » propellant combination and overall

(e )vap

mixture ratio permlt evaluation of (n from curves similar to Fig. 90

c*)mix
for the appropriate propellant combination, This figure was established by

simultaneous computation of Em and (nc*) for various degrees of propel-

mix
lant maldistribution. Finally the predicted Nox is obtained as a product -
Of (nc*);.vap and (nc*)mix.
factor (Em) and mass median dropsize are outlined below for each injector

The methods for obtaining the predicted mixing

concept,

Basic Impinging Pentad

1. Obtain Em and D from Fig.é4 and 52 , respectively, for the correct

element size and orifice geometry (i.e., D Dﬂ/Dg)°

g’
2. Correct this base Em and D to the appropriate penetration parameter
using Fig. 53 and 50, respectively, assuming that the Xp/Dg trend

is independent of D2 and DQ/Dg'
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Using the impinging concentric element curves in Fig. 149 and 145,

correct these predictions to the correct center gas momentum flux
e e s 2 ..

oV 2. Again it is assumed that the pgvg trend is independent

g g
of the preceeding variables,

Basic Impinging Triplet and Unlike Doublet

15

Follow steps 1 through 3 for the basic impinging pentad performance

prediction procedure.

Correct the D so obtained for the appropriate number of liquid ori-
fices (i.e., from the 4-on-1 element dropsize to that expected with

a triplet or doublet) by use of Fig. 92.

No mixing data were obtained for the triplet injector, However,
two data points obtained for the unlike doublet suggest that Em
is essentially the same as a pentad for equal XV/Dg in the range-
0.7 to 1.1. In this case, the pentad value can be used.

Basic Concentric Tube

1,

Obtain E and D from Fig. 111 for the appropriate liquid
orifice diameter.

Correct this E_ and D to the appropriate Vg-vz from Fig. 57 and 110,
respectively, assuming no interaction between the parameters Dy and
(Vg"vl) 1
Correct this Em and D to the appropriate mixture ratio from Fig. 57
and 56.

Correct Em and D to the appropriate amount of post recess (Fig, 100 and
99).

No data were available to correct for the liquid injection velocity and
gas density, although these parameters may be quite important. It is
recommended that such correlations be added to the procedure in the
near future.
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Concentric Tube With Swirler

1.

Follow steps 1 through 5 for the basic concentric tube performance

prediction procedure.

Correct the resultant Em and D for the appropriate liquid swirl
velocity from Fig. 59 and 58, respectively., This,. of course,
assumes the swirl velocity trend to be independent of other param-
eters as necessary assumption because of the limited amount of

available cold-flow data,

Impinging Concentric

1,

Trlgentrlc With Centerbody‘(Vg)in = (Vg)

Obtain Em and D from Fig.148 and 112, respectively, for the correct

element size and orifice geometry (Dz, Dz/Dg).

Correct this base Em and D to the appropriate penetration parameter,
XP/Dg, using Fig.150 and 60, respectively.
Using Fig.149:and145,,correct‘these predictions to the appropriate

center gas momentum flux, nggz.

No correction is recommended for the percentage fuel injected in

the annulus provided that it is in the 20- to 35~-percent range.

The above estimates are based on a liquid post recess of one liquid
post inside diameter. It ié recommended that the nc* estimate be

reduced 0.5 percent if the posts are flushed.

No correction is available for the annulus gas injection velocity
or the injected fuel (gas) density. Curves describing these para-
metric effects would represent a desirable addition to the calcu-

lation procedure.

out

1,

Obtain Em and D from Fig. 107 for the appropriate element geometry.
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2. Correct this E and D to the appropriate mixture ratio from Fig., 57

(concentric injector) and 62,

3. Correct the resultant Em and D to the appropriate value of Vg-Vz
from Fig. 64 and 114, respectively.

4, No data are available to account for liquid injection velocity (dif-

ferent from approximately 75 ft/sec) or injected gas density.

5. With this resultant E and D, obtain the performance prediction in
the manner outlined previously, Then assuming a straight-line varia-
tion, correct prediction for the amount of liquid post recess from
the hot-fire data presented in Fig. 136 using the top two curves and

the appropriate mixture ratio.

Examples of Performance Prediction Procedure

As an aid to the preceding section, typical engine operating conditions are
assumed in this section for each injector type and the performance prediction
procedure is exemplified. These sample calculations follow the step-by~$tep
methods outlined by the performance prediction procedure. No attempt has

been made to use the optimum operating and design conditions for each injector
type. However, this optimum design is easily attainable for specialized engine
éystems by using these procedures in an iterative fashion,

Several baseline conditions, such as propellant type, thrust level, etc., may
be assumed as constant for all of the injector types. These assumptions used
for the sample calculations are listed below. '

1. Propellant Combination FLOX/CH4(g)
2. Mixture Ratio- 5.75
3. FLOX Injection Temperature 160 R (89K)

4. Methane Injection Temperature 1000 R (555K)

5. Thrust (vacuum) per Element 5000 1bf (22,200 N)
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6. Chamber Pressure 500 psi (345 x 104 N/mz)

7. Chamber Characteristic Length 30 in (0.76m)

8. Chamber Contraction Ratio 2.0
9. FLOX Injection Velocity 150 ft/sec (46m/s)
10. Methane Injection Velocity 1100 ft/sec (336 m/s)

The sample calculations for each injector type are given below in a step-by-
step fashion with the step numbers corresponding to the same numbers in the
previous performance correlation procedure section. The procedure followed

is to obtaine a base prediction of Em and D (step 1) from the above assumptions
and then adjust this value as necessary to fit the planned operating conditions.
Unless otherwise noted, the adjustments are differentials made by "adding to"

or "subtracting from' the base prediction.

Basic Impinging Pentad. For this element type, the assumed injection veloci-

ties and densities and the continuity equation yield FLOX and methane orifice
diameters of 0,215 and 0.825 inch (0.546 and 2.096 x 10_2 m), respectively,
when the constant operating parameters previously stated are considered.

From these parameters, a penetration parameter of 0.86 (with a 45 deg; 0.79
rad included angle between oxidizer and fuel streams) and a fuel momentum flux
of 260 psi (179 x 10 N/m ) may be calculated. The method of predicting Em
and D is shown below: ‘

1. From Fig. 54 and 52, E and D for this geometry are 80% and 260 u
(260 x 107° m), - respectively.

2. Corrections for the penetration parameter (which may differ from
those of Fig. 54 and 52) yield Em and D of 82% and 260 u (260 x 10~ m),
respectively, from Fig. 53 and 50. (The differential is added to or

subtracted from the base values determined in step 1.)

3. Using Fig. 90 and 149 together plus Fig.145 to correct to the
approprlate p V ylelds a final E_ and D of 92% and 110 u
(110 x 10~ m), respectlvely
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These predicted values of D and Em can then be used to determine vaporization
and mixing efficiencies of 99.5 and 97 percent from combustion model data shown
in Fig. 89 and 90. Thus, the predicted combustion efficiency for this injector

element is the product of Na

and n_._ or 96.5 percent.
P mix

Basic Impinging Triplet and Unlike Doublet. Using the assumed injection velo-
cities (150 ft/sec; 46 m/s and 1100 ft/sec; 336 m/s), FLOX orifice diameters
of 0.322 and 0.430 in. (0.818 and 1.092 x 10—2m) are required for the triplet

and unlike doublet, respectively, while the methane orifice diameter remains
0.825 in. (2.096 x 10'2m). Penetration parameters are therefore 1.15 and 1,72
for the triplet and unlike doublet (with a 45 deg; 0.79 rad included angle
between oxidizer and fuel streams) while the fuel momentum flux fémains 260
psi (179 x 104 N/mz). The performance prediction method is outlined below for
the triplet. Similar procedures would be used for the unlike doublet.

1. From Fig. 54 and 52, E and D for this geometry are 78 percent and
350 p (350 x 10'6m), respectively,

2. Penetration parameter corrections from Fig. 53 and 50 yield 98 per-
cent and 430 1 (430 x 10 °m).

3. Using Fig. 90, 149, and 145 to correct to the appropriate ngg2
yields E_ and D of 100 percent and 230 W (230 x 10"6m).

4, Correction to the appropriate number of liquid orifices yields
150 u (150 x 10_6m) from Fig. 92 (dropsize only). The mixing parameter
is assumed to remain at 100 percent.

These values of Em and B'yield a vaporization effidiency of 97 percent from
Fig. 89 and a mixing efficiency of 100 percent from Fig. 90, thereby obtaining
97 percent combustion efficiency prediction.

Basic Concentric Tube. The assumed injection velocities and propellant den-
sities yield a liquid diameter of 0.430 in. (1.092 xllo‘zm) and a Vg -V
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of 950 ft/sec (290 m/s). A post recess will be assumed equal to twice the

liquid orifice diameter. The prediction procedure is shown below:

1. An Em and D of 56 percent and 340 u (340 x 10—6m), respectively, is

attained for the given liquid diameter from Fig. 111.

2. Correcting these values to the appropriate Vg - VQ from Fig. 57 and
110 yield 55 percent and 350 u (350 x 10-6m).

3, The mixture ratio correction from Fig. 57 and 56 yield no change in
Em and D for this case since the initial value was 5.85 (step 1) vs

5.75 for the assumed operation.

4. The correction for the amount of post recess from Fig. 100 and 99

yield E_ and D of 72 percent and 190 u (190 x 10_6m), respectively.

These values of D and Em yield nvap and'nmix of 92.5 and 89 percent, respect-
ively, (from Fig. 89 and 90}, thereby producing a 82.3 percent combustion

efficiency prediction.

Concentric Tube With Swirler. The assumptions and calculations made for the

basic concentric tube are directly applicable to this injector type, except
for the degree of post recess (0.0). In addition, a 60 ft/sec (18 m/s) swirl
inlet velocity will be assumed. The sample performance prediction is given
below:

1. From the basic concentrlc tube. sample calculations, and E and D of
55 percent and 350 u (350 x 10~ m), respectively is attalned (same as

steps 1 - 3 for the basic concentric).

2. Using the appropriate swirl velocity correction yields 93 percent
and 165 u (165 x 10‘6m), respectively, from Fig. 59 and 58. The
correction from Fig. 58 is taken as a percentage change and adjusted

for V_ - V, differences,
g %

These predicted values of D and E can then be used to determine vaporization

and mixing efficiencies of 95 and 98 percent from combustion model data shown
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in Fig. 89 and 90. Thus, the predicted combustion efficiency for this injector

element would be 93.1 percent.

Impinging Concentric. The liquid orifice diameter for this element is 0.215

in. (0.546 x 10'2m) from the assumed conditions. Assuming 80 percent of the
fuel flow in the center orifice, a fuel orifice diameter of 0.740 in,

(1.880 x 10"2m) is required to obtain an 1100 ft/sec (336 m/s) fuel injection
velocity. These values yield a penetration parameter (with a 45 deg; 0.79 rad
included angle between oxidizer and fuel impinging streams) of 0.975 and a
fuel momentum flux of 260 psi (179 x 104 N/mz)' The procedure for predicting

performance for this element is described below:

1. The appropriate element geometry yields E and D of 68 percent and
320 u (320 x 10 m), respectively, from Flg. 148 and 112.

2. Correction to the appropriate penetration parameter from Fig. 150 and
60 yields an E and D of 68 percent and 360 u (360 x 10~6m).

3. From Fig. 90, 149, and 145, correction to the appropriate center fuel
momentum flux yields 74 percent and 130 y (130 x 10—6m).

4. No correction is applied for the percentage fuel in the annulus in the

20 to 35 percent range.

5. Assuming a liquid post recess of one liquid orifice inside diameter

means no correction is applicable.

The final predicted values of E_and D yield n . —and Myap of 91 and 98.5 per-
cent respectively, from Fig. 90 and 89. Thus an 89.6 percent combustion

efficiency is predicted with this element.

Tricentric With Centerbody. Assuming equal inner and outer fuel annulus areas

with the injection velocities previously described, and an inner to outer
annulus gap ratio of 2.4 yields a centerbody dlameter of approximately 0,2 in.
(0.5 x 10~ m) The sample calculation for this injector type is giben below:

1. From the element geometry and Fig. 90 and 107, a baseline E and D
of 85 percent and 165 u (165 x 107 m) is obtained.

R-8361
354



No correction is applicable for the appropriate mixture ratio since

the engine and coldflow mixture ratios were 5.75,

Correcting to the appropriate values of Vg - VQ from Fig. 64 and 114
yield 85 percent and 210 u (210 x 10'6m).

No correction is available for the higher liquid injection velocity.

Obtaining a performance prediction from Fig. 89 and 90 yields a
predicted combustion efficiency of 86.5 percent (91 percent for D and
95 for Em) for a zero recess injector element. Assuming an oxidizer
annulus recess of 0.1 in. (0.25 X 10_2m) and using Fig. 136, results

in a combustion efficiency of 91.5 percent.
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APPENDIX A
DEVELOPMENT OF TWO-PHASE IMPACT PROBES

To determine the mass and mixture ratio distributions produced by the various
gas/liquid injectors, it was necessary to develop a measurement system that
would be capable of defining local values of both the liquid and gas mass
fluxes. At the inception of the subject program, a technique existed for

the experimental determination of the liquid mass flux distributions, This
technique involves the use of a streamtube collection facility wherein liquid
distributions are determined by collecting the liquid spray in a grid of col-
lection tubes. The liquid collection system consists of a 10 by 10 matrix of
100 individual square-ended (1 in, by 1 in.; 2.54 x 10"2m) collection tubes.
This technique of liquid distribution had been used successfully by a nunber
of liquid/liquid propellant programs (Ref. 1 ),

A special probe was required for determining local values of gas velocity from
which local values of gas phase mass flux could be determined. Conventional
gas phase stagnation probes (pitot, etc) were not applicable in dense two-
phase sprayfields because of the interaction of the liquid droplets and gas
‘near and within a conventional stagnation probe. The gas/liquid droplet inter-

action phenomenon is discussed further in subsequent paragraphs.
DUSSOURD AND SHAPIRO IMPACT PROBE

A literature search was conducted to determine available means for measuring
gas phase velocity in gas/liquid sprayfields. The most applicable work which
was found was that of Dussourd and Shapiro who developed a two-phase flow
impact probe for the measurement of the gas phase stagnation pressure, and
from this the determination of the gas phase velocity (Ref. 6). The ref-
erence probe was operated successfully by the referenced authors at ambient

pressures in low liquid-to-gas mass flow ratio (MR < 0.2) sprayfields.
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Description of Probe

A schematic of the Dussourd/Shapiro probe is presented in Fig. A-1, The probe
consists of a tube with appropriate pressure taps and an orifice to vent the

water captured by the probe.

The operating principle of the probe is based on the separate deceleration of
the gas and particulate phases of the two-phase sprayfield. The droplets and
gas (each at their own velocity) encounter the probe tip, but the gas phase is
brought to near stagnation conditions at the probe tip and the pressure is
measured near the probe tip before the droplets can impart an appreciable

amount of their momentum to the gas stagnation pressure.

Analytical Considerations

Dussourd and Shapiro conducted an analytical study_to determine the dynamic
interactions between the liquid droplets, the gas, and the probe. Near the
probe tip a complex three-dimensional flowfield exists. When a droplet

crosses the gas streamlines, it is subjected to a drag force because of the
velocity difference between the droplet and the gas. In addition, the droplet
is subjected to a buoyancy force as a result of the unfavorab le pressure gradi-
ent created by the deceleration of the gas phase near the probe tip. Thus,

the droplet is subjected to both an axial retarding force and a force directed
radially outward. The effects if these dynamic forces near the probe tip re-
sult in the following: (1) the relative amount of water which is captured is
less than the water that would be captured without these forces, and (2) the
gas phase stagnation pressure, as measured within the probe, is higher than the
true gas phase stagnation pressure because of momentum exchange from the drop-
lets to the gas upstream of the pressure measurement location.

To analytically describe'the phenomenon which occurs at the probe tip, Dussourd
and Shapiro assumed the following:

1. The gas flow is incompressible, nonviscous, and irrotational.
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2, The gas phase flow pattern is unaffected by the presence of the
droplets.

3., The droplets behave like solid spheres with no mutual interaction.

4, The droplets are small compared to the probe dimension and are mono-

dispersed.

5. The drag coefficient of the droplets is a function of the droplet

Reynolds number based on the relative droplet-gas velocity difference,

6. The drag forces are the only significant forces acting on the droplet,

Other forces, such as gravity and buoyancy, are small,

7. The droplets and gas are in dynamic equilibrium far upstream from the

probe tip.

From the Dussourd analytical study two dependent probe parameters evolved:

(1) the probe droplet capture efficiency, and (2) the probe overpressure ratio
which is a measure of the gas droplet interaction near the probe tip, The
capture efficiency was defined as:

- Actual Capture Rate of Droplets

€ = Capture Rate of Droplet With No Gas/Droplet Interactions (A-1)
The overpressure ratio (OPR) was defined as:
P - P
OpR = -meas 0 >1 (A-2)

where Pmeas = the gas phaSe stagnation pressure as measured by the probe
Py = the true gas phase stagnation pressure
pg = the gas phase density
Vg’w = the gas phase velocity far upstream of the probe
Wy  ='local liquid droplet mass flow
Tg = local gas mass flow
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From the Dussourd analytical study, it evolves that the droplet capture effi-
ciency and overpressure are functions of two-dimensionless parameters: (1)
the obedience number, which is an index of the relative effect of the gas
phase potential field on the droplets, and (2) the droplet Reynolds number,

which is an index of the droplet drag.

The obedience number (ON) was defined as:

P &P

ON = 3/4 —E2— (A-3)
ng

where D = the probe tip diameter
d = diameter of the droplets
pg « = the gas phase density far upstream of the probe
2
Py = the liquid phase density

The droplet Reynolds number was defined as:
- o " o
Re = - Ea . S (A-4)

The relationship between the probe capture efficiency and the obedience number
is shown in Fig., A-2 as a function of droplet Reynolds number. The dependency
of the probe overpressure ratio on the obedience number and the droplet

Reynold's number is presented in Fig., A-3,

Dussourd and Shapiro conducted experimental studies which indicated that the
theoretical predictions of Fig., A-2 and A-3 were in general agreement with
the test results. Their experimental studies were conducted employing the

following range of pertinent flowfield variables:

Freestream gas phase Mach number, 0.47 to 0.75
Local liquid to gas flowrate ratio (Qz/ﬁg), 0.13 to 0.20

6

Monodispersed spray, droplet diameter, 8 to 18 u (8 to 18 x 107 m)
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For the subject study, the expected two-phase flowfield variables differ
significantly from those listed above. Consequently, it was deemed neces~-
sary to conduct a feasibility analysis to determine the applicability of the
two-phase impact probe for the gas/liquid mixing studies.

Probe Feasibility Studies

The primary purpose of the probe feasibility studies was to determine ana-
lytically whether or not a Dussourd-type probe was capable of producing re-
liable data in the anticipated two-phase flowfields. Thus, considerations
were given to the probe overpressure ratio and capture efficiency for the

two-phase flowfields of interest,

The principal difference between the Dussourd study and the flowfields of
interest in the subject program can be seen by comparing the aforementioned

list of the Dussourd ‘and Shapiro operating parameters with those following:

1. Local freestream Mach number, 0.02 to 0,40
2, Local liquid to gas flowrate ratios, 0.25 to 15
3. Polydispersed droplet spray diameters, 25 to 500 u (25 to 500 x 10_6 m)

4, Nonequilibrium (unequal) velocities between droplets and gas up-

stream of probe tip

Overpressure Ratio. It will be recalled that "overpressure ratio' (over-

unity) measures the difference between the probe pressure data and the true
gas stagnation pressure which results from a partial transfer of spray mo-
menta to the declerated gas stream. This overpressure ratio must be either
negligible or small enough to be accurately described analytically or by
calibrations to permit accurate probe application., To determine the feasi-
bility of employing a Dussourd-type impact probe for the subject studies,

the Dussourd-Shapiro data reduction method was extended analytically to
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include polydispersed sprays with a nonuniform dropsize distribution function*
(Nukiyama-Tanasawa) and two different velocity "distribution functions'. One
velocity distribution function was simply a uniform velocity for all dropsize
groups while the other resulted from the application of droplet drag equations
to a polydispersed liquid sprayfield. The gas velocity profile used in the
droplet drag equation approximated the analytical far field solution for a free
jet. Several cases were run to compare the effects of uniform droplet velo-
cities with various initial gas velocities, volume mean dropsizes, mixture
ratios, mass average liquid velocities, and distance in which the droplets are
subjected to drag. Typical results of this comparison are given in Table A-1
in terms of percent overpressure, Note that, as defined in the table, this
term differs from Dussourd's '"overpressure data' by the mixture ratio factor.
Note that the difference in the percent overpressure coefficient calculated
with these two droplet velocity distribution functions is approximately 1
percent. Thus the influence of droplet velocity distribution on any data cor-
rections for overpressure would be negligible., This, of course, does not imply
that the average spray velocity level is inconsequential, In fact, comparison
of cases 3 and 4 indicates a substantial decrease in overpressure with increas-

ing average liquid velocity.

Comparisons were also obtained between the percent overpressure calculated for
both a monodispersed and a Nukiyama-Tanasawa dropsize distribution where the
volume mean dropsize of the latter was equal to the monodispersed dropsize.
Using the Nukiyama-Tanasawa distribution, the contribution of each dropsize
group to the overpressure was found and summed to yield a total percent over-
pressure. The comparison is illustrated in terms of 'percent overpressure"

in Fig. A-4 through A-6 for several constant volume mean dropsizes, average
liquid velocities and local ratios of liquid to gas flowrate and for a probe
inlet diameter of 0.3 inch (0.76 x 10~ 2m)##

* The .polydisperse sprays were represented by a series of discrete dropsize
groups in these computations,

**Theoretical analysis predicts that decreasing the probe inlet diameter
would decrease the overpressure ratios presented in Fig. A-2 and A-3,
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Note that the percent overpressure is appreciably less (e.g., 50 percent) for
the Nukiyama-Tanasawa distribution than for the monodispersed spray. For a

given D the polydispersed spray overpressure was found to be smaller by a

30°
constant factor than that of the uniform sized drops for any local mixture
ratio. Thus, the size distribution of the droplets upstream of the probe does

influence the data reduction technique.

The curves generated in this analysis were applied to determine the feasibility
of the anticipated cold-flow probe tests. To analytically calculate the over-
pressure coefficient for pressure measurements under typical anticipated cold-
flow test conditions, the average dropsize, the dropsize distribution, the
average liquid velocity, and the local ratio of liquid to gas flowrate must be
known, In Task I, the hot-fire dropsize was in the 100 u (100 x 10'6m) range,
However, in the simulation of hot-fire conditions at atmospheric pressure, the
cold-flow gas momentum is somewhat lower than the hot fire. Thus, the average
dropsize resulting from the cold-flow tests will be larger than the hot-fire
dropsize, Assuming a cold-flow volume mean dropsize of between 100 and 200 u
(100 and 200 x 10-6m), a Nukiyama-Tanasawa distribution, a liquid average
velocity of 50 (15.2 m/s), and a mixture ratio of 5 yields only an 8-percent
overpressure coefficient, Thus, it was concluded that overpressures for the
subject application would be small enough to permit effective use of a two-

phase probe, although overpressure correction should be applied to the data.

Probe Capture Efficiency. Consideration of the probe capture efficiency was

necessary to predict the flowfield distortion caused by the presence of the
probe, Based on the anticipated (previously listed) flowfield parameters, an
expected range of the probe obedience number was approximately 0.05 to 1.0 and
the droplet Reynolds number range should be 102 to 103. Referring to Fig, A-2
the lowest anticipated value of probe capture efficiency is approximately 96
percent, Thus, theoretically, it was concluded that the Dussourd-type probe

would not produce any significant distortions in the flowfields of interest.
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Discussion of Results. It was concluded that under the contemplated test condi-

tions the overpressure and capture efficiency would not be prohibitive and that
the Dussourd-type impact probe could be used as an effective tool for the
characterization of the two-phase injector sprayfield of the subject study.
However, it was noted that probe flooding (filling of the probe stagnation
tube with water) could be a potential problem due to the local mass flow ratios

(@{Wg) being much higher than those used by Dussourd.
TASK I, PROBE DEVELOPMENT

Description of Probe

A modified version of the Dussourd probe was fabricated for the Task I cold-
flow distribution studies. The Task I probe with its water accumulation tapoff
is shown schematically in Fig, A~-7. The choice of a 0.3 in. (0,76 x io"zm)
probe tip diameter was based on preliminary tests in injector sprayfield which
indicated that this size was necessary to prevent flooding of the probe. Under
steady-state flow conditions, the probe and water accumulator are filled with
stagnant gas and the pressure which is measured at the 0.15-in. (0.38 x 10_2m)—
diameter pressure port, taken as the gas phase stagnation pressure, The pres~-
sure tap was located near the probe tip to minimize spray momentum exchange
effects on the measured gas stagnation pressure. The liquid droplets which
enter the probe tip are collected in the 0.30 in. (0.76 x 10_2m) diameter tube
and are then drained to the liquid accumulator. The probe holding tube was
designed so that it could be attached to the 10 times 10 liquid coilection
grid. Movement of the probe within the sprayfield was manual. Probe stagna-

tion pressures were measured by a bank of single and two-fluid manometers.

Analytical Considerations for Task I Probe Configuration

Theoretical predictions of probe capture efficiency were made for the actual

Task I probe as designed., For the 0,30-in, (0.76 x 10”2m)~diameter probe, a
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gas ivelocity of 400 ft/sec (122 m/s), and droplet diameters of 100 and 10 u (100 i
and 10 x 10-6m), the calculated capture efficiency is 99.3 and 96 percent, re-

spectively, thus indicating no significant flowfield distortion by the probe,

Comparisons were also obtained of the percent overpressure calculated for both
a monodispersed and Nukiyama-Tanasawa dropsize distribution, Using the latter
distribution, the contribution of -each dropsize group to the overpressure was
found and summed to yield a total percent overpressure. An 8-percent over-

pressure coefficient was calculated at typical operating conditions.

Probe Checkout Tests

Probe Tests in Gaseous Flowfield. Three preliminary checkout tests were con-

ducted with the probe in a gaseous flowfield. In these tests, both the in-
jected gas (GN2) flowrate and the gas jet orifice diameter were varied inde-
pendently. Stagnation pressure measurements made across the flowfield and
combined with the appropriate area and gas density yielded velocity, mass flux,
and momentum (flux) profiles for the jet. In the free-jet system it was not
possible to use continuity to verify the probe measurements because of the gas
(air) which was ingested from the surroundings. However, because the static
pressure in each cross section of a free submerged jet (a free jet flowing into
stagnant surrounding gas) is essentially uniform and equal in the pressure in
the surrounding space, the total momentum flux of injected plus entrained gas
should not vary with axial location., In other words, momentum is conserved and
the injected gas momentum is conserved and the injected gas momentum flowrate
should equal the measured gas momentum flowrates summed over each collection
plane. In each test, the calculated momentum flow (based on probe pressure
measurements) was within 5 percent of the momentum flow injected, which was
considered satisfactory. Also, the measured velocity profile was quite similar
to a theoretical submerged velocity profile, Subsequent tests were performed

to evaluate the probe in an actual two-phase flowfield.
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Probe Tests in Gas/Liquid Flowfield, The total (two~phase) momentum flow was

measured in the first tests* to compare the total momentum flow at the plane of
measurement with that injected. This was accomplished by filling the accumula-
tor and probe with water (to stagnate both gas and spray) and measuring the
pressure in the side pressure tap which was also filled with water. Measure-
ments were then made across the flowfield. These measurements, along with the
appropriate areas, yielded the two-phase momentum flux at each measuring point.
The total collected momentum flow was about 2l-percent greater than the axial
component of the injected momentum flow from the gas and liquid jets, which was

considered reasonably close.

Although (at that time) it was not possible to separate the ingested air from
the injected simulant flowrates, qualitative evaluation of the measurement
technique was accdmplished by measurement of the total gas momentum flow and
velocity profiles, The injected gas momentum flow was equivalent to 6.4 1bf
(28 N) and the total gas momentum flow measured was 5 1bf (22 N). This indi-
cates that about 1.4 1bf (6 N) was transferred from the gas to the liquid,
which seems plausible. Measured gas velocity profiles through the center of
the flowfield are plotted in Fig. A-8 for tests with a single-phase gas flow
and for a two-phase flow test., The injected gas velocity was the same for
both of these tests., Note that the presence of the liquid reduces the center-
line gas velocity to about one-half that of the single-phase flow velocity
while spreading out the gas from a 3-in. (7.6 x 10'2m) to a 5-in, (12,7 x
10_2m)—diameter jet. Again, these trends are quite reasonable and support

the validity of the two-phase probe data.

Discussion of Results. A major limitation on the probe technique was the in-

ability to distinguish between injected gas and entrained air flowrates. Ad-
ditionally, the probe configuration of Task I possessed two measurement prob-
lems which deserved further study. As the droplets passed through the probe

tip, temporal radial pressure gradients were established. These local pressure

*The cold~flow model of the Task I recessed impinging jet injector was
used in these tests,
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gradients resulted in oscillations in the pressure readings made at the single
pressure tap. Also, under high local mixture ratio, low~dynamic-pressure flow-
field conditions, water tended to flood the single circular pressure tap.
Further probe development was conducted under Task II to minimize the afore-

mentioned problem areas.
TASK II, PROBE DEVELOPMENT

Description of Probe

A schematic of the two-phase impact which was developed under Task II* is pre-
sented in Fig., A-9, The probe was constructed of two concentric tubes with a
specially designed tip attached to the outer tube. The tip was designed to pre-
vent the passage of water -(termed flooding) into the annulus formed by the
tubes when the probe was utilized in high liquid/gas flowrate ratio flowfields.
In addition, the gas phase stagnation pressure was measured in a 360 deg (6.28
rad) annulus at the probe tip rather than at a single point as in the Task I
probe, Tests conducted with both the Task I probe configuration and the con-
centric tube probe demonstrated that the latter design eliminates the pressure
oscillation encountered with the Task I configuration. In addition, the con-
centric tube probe design avoids the need for an external pressure line at the

probe tip, which could create flowfield disturbances.,

The gas phase stagnation pressure in the probe annulus was measured with an MKS
Baratron-Type 77 Electronic Pressure Meter. The MKS Baratron system possesses
accuracy of 0,02 percent of full-scale range (+0,02 mm Hg; 2,66-N/m2), In ad-
dition, an oxygen sampling system was used in conjunction with the concentric
tube probe in the Task II studies. This made possible a distinction between
injected GN2 and entrained air flow at each measurement point. The oxygen
measurement system is discussed in detail under the Task II Experimental Ap-

paratus Section of this report,

*The probe system development was a joint effort of the subject contract
and NAS3-12051.
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Probe Calibration

To raise the probe data precision level, it was deemed necessary to calibrate
the Task II probe in a liquid droplet/gas flowfield where the pertinent vari-
ables such as mass flowrate and mean dropsize were known, A calibration tumnnel
was designed and fabricated to provide this reference gas-liquid droplet flow-
field. A schematic of the tunnel is shown in Fig., A~10. Calibration of the
probe was accomplished by measuring the gas velocity profile at the exit of
the calibration tumnel, The measured velocity profile was then integrated to
determine a measured total gas mass flow, which was compared to the known in-

jected gas flow to obtain the necessary calibration factors.

Preliminary flow experiments indicated that the tunnel provided a relatively
uniform (x10 percent of injected mixture ratio) two-phase flowfield at the
exit of the tunnel., Calibration of several candidate impact probes was then
accomplished including the probes previbusly described. Probe calibration
tests using the probe shown in Fig. A-9 were performed at nominal mixture
ratios of 2 and 5 and the results are shown in Fig. A~11. This figure pre-
sents the ratio of measured-to-injected gaé mass flow as a function of in-
jected mixture ratio., To analyze the déta in Fig. A-11, it was necessary to
determine the mean dropsize in the two~phase flow, These data were generated
by testing a single element from the calibration tunnel injector on the molten
wax test facility. However, as indicated in Fig., A~11l, overpressure ratio (as

implied by (w /w .) did not appear to be influenced by drop51ze in

g, meas’ "g, inj
the range of volume mean drop51zes from 110 to 210 u (110 to 210 x 10~ m)

Comparison of Probe Calibration Data With Theory

The probe calibrations of Fig. A-11 were analyzed to compare the observed
overpressure ratios of the Task II probe with the theory of Dussourd and
Shapiro., To compare the probe data and theoxy it was necessary to correct

the probe pressure data for the pressure rise within the probe tip. The
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pressure gradient within the probe tip was estimated by a simple one-dimen-
sional analysis of momentum exchange between the droplets and the gas phase
‘within the probe tip. The simplified analysis yielded the following expres-

sion for the pressure rise in the probe tip:

Ch, »
e .13 2 & v e,V (A-5)
x/D) | 8. Py Y% I
where Cy = the droplet drag coefficient
X = The distance from the probe tip to the pressure measurement
location
b = the internal diameter of the probe
D, = the droplet diameter
(MR) , = mixture ratio upstream of the probe

The foregoing equation was employed to correct the data of the calibration
tests, Using the corrected data, an apparent overpressure ratio at the probe
tip was calculated for each test point as a function of obedience number and

Reynolds number.

Discussion of Results

Examination of the calibration data (corrected by Eq. A-5) shows that three of
the four data points are in agreement with the theory of Dussourd and Shapiro;
i.e., the calculated probe tip overpressure based on the eXperimental data was
3 to 7 percent, compared to the Dussourd-Shapiro prediction of 1/2 to 2 per-
.cent, However, for one test a negative overpressure ratio was predicted,

which is not physically plausible.
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Lack of exact agreement between the four calibration tests and the Dussourd
theory can be attributed to the significant deviations of the Task II probe
and flowfield from that of the Dussourd theoretical study. The most note-

worthy differences are:

1. The Dussourd theory considers low mass flow ratio (MR <0.2) flowfields.
For the Task II studies the local mass flow ratios are an order of

magnitude greater.

2. The Dussourd work employed a sharp-edged tube as a probe, whereas the
tip of the Task II probe is configured as a truncated cone. This
configuration could lead to higher gas/droplet interaction upstream

of the tip with resulting increased overpressure ratios,

Further work would be required to resolve the differences between the calibra-
tion test data and the theory of Dussourd and Shapiro. However, in all cases

the observed overpressure was 7 percent or less which was considered to be ac-
ceptable.” It was concluded that the impact probe could be employed as an ef-

fective technique for the prediction of injector mixing efficiency with the

actual calibration data used to correct for overpressure.
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APPENDIX B
HOT-FIRE PERFORMANCE CALCULATION PROCEDURES

The index of injector performance used in this experimental program was corrected
c* efficiency. This parameter was calculated by two independent methods, one
based on measurement of chamber pressure and the other on measurement of thrust.
Details of the computational procedures and of the corrections applied are given

in this appendix. A numerical example is included.
CALCULATIONS BASED ON CHAMBER PRESSURE

Characteristic velocity efficiency based on chamber pressure is defined by the

following equation:

(Pc)o (At)eff gc

(nc*)Pc - (WT) (C*)theo -1
where
(PC)O = stagnation pressure at the throat, psia
(At)eff = effective thermodynamic throat area, in.2
8. = conversion factor (32.174 lbm-ft/lbf-secz; 9,807 m/sz)
WT = total propellant weight flowrate, lbm/sec
(c*)theo = theoretical characteristic velocity based on shifting

equilibrium, ft/sec

Values calculated from Eq. B-1 are referred to as 'corrected" c* efficiencies,

because the factors involved are not measured directly, but are obtained by appli-
cation of suitable corrections to measured parameters. Thus, stagnation pressure
at the throat was obtained from measured static pressure near the start of nozzle
convergence by assumption of isentropic expansion; effective throat area was esti-

mated from measured geometric area by allowing for radius changes during firing
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(Task I only) and for nonunity discharge coefficient; and chamber pressure was
corrected to allow for energy losses from the combustion gases to the chamber wall

by heat transfer and friction. Equation B-1 may therefore be written as follows:

Po Ay 8 £ frp Fpis fer fun Fwp

(nc*)Pc ) (Wo * Wf) (c*)theo. (&2
where

Pc = measured static pressure near the start of nozzle convergence, psia

At = measured geometric throat area, in.

WO = oxidizer weight flowrate, lbm/sec

wf = fuel weight flowrate, lbm/sec

fp = factor correcting observed static pressure to throat stagnation
pressure

fTR = factor correcting for change in throat radius during firing

fDIS = factor correcting throat area for effective discharge coefficient

fFR = - factor correcting measured chamber pressure for frictional drag of
combustion gases at chamber wall

fHL = factor éorrecting measured chamber pressure for heat losses from
combustion gases to chamber wall

fIMP = factor correcting theoretical characteristic velocity for propellant

impurities or deviations from the standard

Methods of determining the various correction factors are described in the follow-

ing paragraphs.

Pressure Correction (fp)

Measured static pressure near the start of convergence was converted to stagnation
pressure at the throat by assumption of no combustion in the nozzle and application

of the isentropic flow equations.

R-8361
384



For calculation of a '"valid" performance value, care must be taken to ensure meas-
urement of a ''valid" static chamber pressure near the start of nozzle convergence.
Experience gained on related programs (Ref. 2) at Rocketdyne indicates that defi-
nite increase in static pressure can occur near the start of convergence. This
increase in pressure appears to be caused by the subsonic decelerating effects
associated with the turning of the combustion gases by the converging walls prior
to acceleration in the nozzle. The magnitude of this increase is dependent on

the geometric configuration of the nozzle. Measurement of the static chamber
pressure must be taken sufficiently upstream of the start of convergence so that
its value is not affected by the subsonic decelerating effects discussed above.
Furthermore, chamber pressure must be measured where combustion is nearly complete.
During this program, procedures were followed to produce valid static pressure
measurements for calculation of performance. These procedures were to locate the
static chamber préssure measurements approximately 15 inches (0.38 m) downstream
of the injector and (1) 0.5 inch (1.27 x 10_2 m) upstream of the start of converg-
ence during Task I 35 inch (0.89 m) L* tests and (2) 0.5 and 1.5 inches (1.27 and
3.81 x 10-2 m) during Task IV testing. Data taken from another program (Ref. 2)
indicated little or no errors in the range with similar sized chambers (L* = 30

inches; 0.76 m and €. = 2).

The values of £ , the stagnation-to-static pressure ratios, were calculated to be
1.0538 and 1.0581 for the LOX/H2 and FLOX/CH4 2-to-1 contraction ratio chambers,
respectively. Variations in the shifting equilibrium specific heat ratio were
minor over the range of test conditions (chamber pressure, mixture ratio, and pro-
pellant temperature) employed. These same pressure ratio factors were therefore
considered applicable over the entire test matrix, although modified when necessary

for contraction ratios other than the nominal 2-to-1.

Throat Radius Correction (fTR)

Task I. Temperature changes produced in a water-cooled nozzle wall by radiative
and convective heat transfer from the hot combustion gases result in thermal
stresses which affect the throat radius. Consequently, the geometric throat diam-

eter measured in an ambient-temperature nozzle is not necessarily the same as that
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which exists during firing. Throat diameter during firing would be a function of
time, of the physical properties of the throat-material, the temperature and
pressure of the combustion gases, the nozzle geometry, wall thickness, etc.

A throat radius correction factor, f R’ was used for all Task I tests and is

T
defined as:

At hot

£ =
At cold

TR
During the Task I hot-firing tests, the thrust chamber throat diameter and area
would increase (compared to the ambient dimensions) as a function of the wall tem-

perature. The "hot' throat area was computed for each .test as follows:

T 2
At hot T Ba ATavg + 1) D cold] /4 (B-3)
where
o = thermal expansion coefficient (copper)
ATavg :=- change in average throat wall temperature during the test
Dt cold = cold th?oat diameter (pretest)

During the course of the testing, ‘the '"cold" throat diameter Dt was measured four
times--before test No. 1, 2, and 6 and after test No. 9. The corresponding cold
throat areas were 28.883, 28.883, 28.995, and 29.119 in.2 (1.863, 1.863, 1.870,
and 1.878 x 10-2 m2). A linear throat area change was assumed for the tests where
no throat area (diameter) measurements were taken, The change in the average

throat wall temperature was computed from:

AT'éWg - (Tavg)hot - (Tavg)cold (B-4)
T - T
Tovgdhot = Twe * —og—— (B-5)
ATB ex
(ng B TWC)eXP B (ng B TWc)theo X ZTE“;;g; (B-6)
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where

(Tavg)cold = pretest wall temperature (ambient temperature)
ATB = water coolant bulk temperature change
wg " Twc = gas to coolant wall temperature difference at the throat

The ATavg term, then, is the change in the wall temperature (cold to hot) at the
midpoint between the gas and coolant throat walls, computed for each test and
based on the measured water coolant bulk temperature data, These data were stabi-
lized within 1 second. The resultant correction factors ranged from 1.011 to
1.015 (1.1 to 1.5 percent).

Task IV. A throat radius correction factor was not used for the Task IV testing
because (1) a first approximation predicted small changes in the graphite throat
area due to heating, (2) material properties and material temperature profiles
versus time were uncertain, and (3) the graphite throat material was prone to
erosion during the hot-fire testing that would complicate the predicted thermally
induced changes. Throat diameter (area) measurements were obtained before and
after each Task IV test. The posttest throat area averaged 0.47 percent greater
than the pretest area for all data-producing tests (~2 seconds duration). This
posttest throat area was used for performance data reduction since the data slice

was taken near the end of each test, potentially after most of the erosion.

Throat Discharge Coefficient (fDIS)

The discharge coefficient is defined as the ratio of actual flowrate through the
throat to the theoretical maximum based on geometric throat area and ideal, uni-
form, one-dimensional flow with no boundary layer. Values of the discharge coef-
ficient may be estimated either analytically or from correlations of the results
of experimental studies of gas flow through nozzles. Its value is sensitive to
the ratio of the upstream wall radius of curvature at the throat-to-the throat
radius (Rc/Rt) for values of Rc/Rt £1.0. In this program, Rc/Rt was 2.0 for the
Task I chamber and 1.0 for the Task IV hardware.
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The available analytical and experimental techniques were investigated to deter-
mine the discharge coefficients for the nozzles and test conditions employed dur-
ing the program. The Task I nozzle discharge coefficients (fDIS) ranged from
0.9922 to 0.9902, varying mainly with chamber length (L*) and essentially independ-
ent of mixture ratio and propellant temperature. The Task IV nozzle discharge
coefficients ranged from 0.9893 to 0.9883 for the 30-in. (0.76-m) and 57.6-in.
(1.46-m) L* chambers, respectively. Chamber pressure, mixture ratio, and propel-

lant temperature effects were negligible.

Frictional Drag Correction (fFR) and Heat Loss Correction (fHL)

Calculation of c* efficiency based on chamber pressure is concerned with chamber
phenomena up to the nozzle throat. Drag forces to this point are generally small.
Details of the method of estimation of fFR are presented below. This discussion
is general and applies to frictional losses for performance based on thrust as
well as chamber pressure. Differences between the values of frictional losses
for thrust and chamber pressure calculated performance are associated with the

different regions over which the frictional losses are integrated.

Heat transfer from the combustion gases to the walls of an uncooled thrust chamber
results in loss of enthalpy and thus decreases chamber pressure and thrust. To
obtain a true indication of performance efficiency in an uncooled chamber, measured
chamber pressure must be corrected by a factor which accounts for heat loss to the
walls. Heat transfer to the injector was neglected in this correction because the
injector surface area was small relative to that of the chamber and because a major

portion of injector heat flux is absorbed by the injected propellants.

The friction factor (fFR) corrects for the energy losses caused by drag forces
resulting from the viscous action of the combustion gases on the thrust chamber
walls. Its magnitude, which is the integral of the local friction forces over
the chamber inside wall, was estimated by a boundary layer analysis utilizing the
integral momentum equation for turbulent flow. This analysis accounts for boun-
dary layer effects from the injector to the nozzle exit by suitable description

of the boundary layer profile and local skin friction coefficient. A computer
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program was used to carry out a numerical integration of the equation, including
effects of pressure gradient, heat transfer, and surface roughness. The heat loss
factor (fHL) is also determined by the computer program in combination with the
friction factor. This combined factor then was used to correct the c* efficiency
during the Task IV testing and as a cross check for an alternate method used dur-
ing the Task I testing. The heat transfer profiles generated relative to these
loss corrections are given in Appendix E.

Task IV. During Task IV, the combined friction and heat loss factor f__ and fHL

FR
ranged from 1.0040 to 1.0062 for the 30-in. (0.76-m) and 57.6-in. (1.46-m) L*
chambers, respectively. These factors do not change significantly within the
chamber pressure, mixture ratio, and propellant temperature ranges tested and con-

sequently these effects were neglected.

Task I. Heat loss correction factors were computed for each Task I test by the

following equation (Ref. 3):

2 [ ) ‘
£ = 1+1/2 [I (q/:i) Ai] 'Ll T (rft}/ch)] (B-7)
c t
where
q/A = heat flux
Ai = area through which heat is transferred
w = total propellant flowrate
Tt = theoretical nozzle throat temperature
TC = theoretical chamber temperature
hC = theoretical chamber enthalpy
ht = theoretical nozzle throat enthalpy
R-8361
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The heat transfer losses (q) were computed for each test based on the quantity of
heat transferred to the water-cooled nozzle section. The water coolant bulk tem-
perature rise, AT, was measured for each test and used to compute the nozzle heat

losses as follows:

Yoz = W Cp AT (B-8)
The Yoz experimental was assumed directly proportioned to the Yoz ideal at each

station in the nozzle, thus:

. q
experimental Z(q/Ai) Ai = theoretical Z(q/Ai) Ai x,__ESE_E&R_ (B-9)
i i qnoz ideal

This same ratio, q 1> was used to compute the uncooled combustion

noz exp/qnoz idea
zone heat transfer, assuming again that the combustion zone heat transfer was pro-

portional to the theoretical heat transfer at each station. The q. was taken

ideal
from the profile given in Appendix E.

The computed correction factors ranged  from 1.0044 (test 8) to 1.0151 (test 6),
mainly varying with chamber L* from 35 to 75 in. (0.89 to 1.91 m). These factors

were assumed to include the small friction loss effects.

The boundary layer analysis computer-calculated losses (fFR and fHL) were deter-
mined for a potential (nominal) Task I test case and then compared with the factors
calculated from Eq. B-7. The computer-calculated factor was 1.0035 and the com-
parable factor from the equation was 1.0044 determined for test 8 (i.é., about 0.1
percent difference). The close agreement suggested either method could be used;
however, those factors calculated from the equation (B-7) were used in Task I
because of greater flexibility in handling.the wide range of'pressures, propellant

temperatures, mixture ratios, and L* explored.

Propellant Impurity Correction (fIMP)

During Task I, the LOX was sampled twice during the hot-firing test program and

each time the purity was about 99 percent by volume. . Most of the impurity was
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nitrogen. These oxidizer samples were taken from the LOX storage tanks under low-
pressure static conditions and, as such, do not reflect the additional quantities
of nitrogen (used as the pressurant) which are normally entrained in the oxygen
during transfer to the run tank and during the high-pressure dynamic conditions

of a test.

A l-percent nitrogen impurity was used as the basis for determining the impurity
correction factor. Theoretical thermochemical performance calculations were
employed (with and without nitrogen) to compute the impurity corrections. The
resultant change in the characteristic velocity was approximately 0.2 percent,
giving a correction factor f = 1,002. This factor varies slightly with chamber

IMP
pressure and mixture ratio; however, it was assumed constant for all Task I tests.

LOX flowrates as measured were also adjusted for impurities. This adjustment was

for the density change due to the impurities and the corrected flowrates were com-

puted as:
. . pim.Eu:re
W =W (B-10)
corrected measured ppure
where
p = density

The approach taken was based on l-percent nitrogen impurity by volume for each

test. The net result was

P
corrected- = 0.9965

ppure
or an 0.35-percent adjustment which was applied to all oxidizer flowrates. Table 4

shows the adjusted flowrates.

During Task IV hot-fire testing, the FLOX was sampled several times with no sig-
nificant impurities detected., Also, the methane impurities were insignificant.

Thus, no impurity corrections were used during Task IV.
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CALCULATIONS BASED ON THRUST

An alternate determination of corrected c* efficiency is based upon the following

defining equation:

F g
“vac °c
N g = —— (B-11)
c*F (CF)vac WT (c )theo
where
Fvac = measured thrust corrected to vacuum conditions by the equation:
F =F + P A, 1bf
vac a’'e
F = measured thrust, 1bf
P = ambient pressure, psia
Ae = area of nozzle exit, in.2
g = conversion factor (32.174 lbm-ft/lbf-secz; 9.807 m/sz)
(CF)Vac = theoretical shifting thrust coefficient (vacuum)
WT = total propellant flowrate, lbm/sec
(c*)theo = theoretical shifting equilibrium characteristic velocity, ft/sec

Corrected values of vacuum thrust may be obtained by application of suitable cor-
rections to measurements of thrust made at sea level (site). With these values,
which include allowances for all important départures from ideality, theoretical
thrust coefficients may be used for calculation of c*. That is, the CF coeffici-
ent is 100 percent if there is no combustion in the nozzle, if chemical equilibrium
is maintained in the nozzle expansion process, and if energy losses from the com-

bustion gases are taken into account.

Applicable corrections to measured thrust are specified in the following equation:

MJe = (F+ PA 8 pp 9p1v %up P1mp
c*F (CF) (Wo * Wf) (C*)theo

(B-12)
vac
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where

(CF)Vac = theoretical shifting thrust coefficient (vacuum)

Wo = oxidizer weight flowrate, lbm/sec

Wf = fuel weight flowrate, lbm/sec

¢FR = correction for frictional losses

¢DIV = correction for nozzle divergence

¢HL = correction for heat losses to chamber and nozzle walls

¢IMP = correction for propellant impurities or deviations from the

standard

The correction factors in Eq. B-12 were applied to vacuum thrust (F + PaAe) instead
of to measured site thrust (F) because, for convenience, the correction factors
were calculated as changes in efficiency based on theoretical vacuum parameters, so
that the total correction was of the form AF/Fvac.
Although they do not appear explicitly in Eq. B-12, corrections to geometric throat
area and to measured static chamber pressure at start of nozzle convergence are
implicit in the use of theoretical CF values, Thus, calculation of corrected c*
efficiency from thrust measurement includes all the corrections described above

for calculations from chamber pressure measurement plus an additional one to
account for nonparallel nozzle exit flow. However, because (CF)Vac is essentially
independent of the very small changes in chamber pressure and contraction ratio
which are involved in corrections to PC and At’ these corrections are of no prac-

tical significance in calculation of c¢* from thrust measurements.

Corrections for Frictional Drag (¢FR)'and Heat Loss (¢HL)

The basis for and method of calculation of this factor were discussed under calcu-
lation of performance based on chamber pressure. Again, the boundary layer analy-
sis was used to calculate the combined friction and heat loss factors during

Task IV. These values ranged from 1.0077 to 1.0119 for the 30-in. (0.76-m) and
57.6-in. (1.46-m) L* chambers, respectively,
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The Task I friction and heat loss thrust correction factors were calculated for
each test by an equation similar to that used for the chamber pressure friction

and heat loss correction; i.e.:

z
i@apa | |1- @yt

g, = 1+ 1/2 e T (B-12)
c e
where
Te = theoretical nozzle exit temperature
he = theoretical nozzle exit enthalpy

The heat transfer losses (q) for the thrust corrections were computed in the same
manner as those used for the chamber pressure except the complete chamber losses
were applicaBle. The resultant correction factors ranged from 1.0074 (test 8) to
1.0202 (test 6), varying mainly with chamber length (i.e., varying with the 35-in.
(0.89-m) and 75-in. (1.91-m) L* chambers, respectively).

Correction for Nozzle Divergence (¢DIV)

The one-dimensional theoretical performance calculations assume that flow at the
nozzle exit is uniform and parallel to the nozzle axis. The correction factor, ‘
¢DIV’ allows for nozzle divergence (i.e,, for nonaxial flow) and for nonuniformity
across the nozzle exit plane. It was calculated by a computer program which uti-

lized the axisymmetric method of characteristics for a vériable-property gas.

The nozzle divergence factor was essentially independent of chamber pressure mix-
tuer ratio and propellant temperature for the entire test matrix. Its value was
1.015 for the Task I and 1,017 for Task IV.

Correction for Propellant Impurities (¢IMP)

As previously discussed, during the Task I testing, propellant sampling indicated
approximately 1 percent by volume nitrogen impurity in the LOX. This 1 percent

was used as the basis for the thrust impurity correction. The resultant correction
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factors would be slightly above the 1.002 values used for the chamber pressure
correction; however, this 1.002 value was used to correct the thrust for each of

the tests.

The Task I LOX flowrate was also corrected for impurities as previously mentioned.
No impurity corrections were made during‘the Task IV testing.

NUMERICAL EXAMPLE

The performance data reduction method and corrections are illustrated by the fol-
lowing numerical example. This example is typical of all Task IV tests, differing
only slightly from the Task I method. Data from test No. 61 are analyzed in this
example, The subject test was conducted in the 30-in. (0.76-m) L* chamber near
nominal design conditions using FLOX/CH4 propellants. Pertinent steady-state raw
~data (static chamber pressure, propellant flowrates, measured thrust) from this
test are presented in Table B-1. CRT printouts of the pertinent parameters (as a

function of time) were used to determine when steady state had been achieved.

TABLE B-1. DATA FROM TEST NO. 61

Parameter Numerical Value

Static Chamber Pressure(l) (521.8 + 518.8)/2 = 520.3 psia (359 x 104.N/m2)
Oxidizer Flowrate'%) (11.967 + 11.748)/2 = 11.858 Ibm/sec (5.38 kg/s)
Fuel Flowrate (Inner and (1.007 + 1.024) = 2.0631 1lbm/sec (0.92 kg/s)
Quter Annulus)
Measured Thrust 3994.7 1bf (17,750 N)
Posttest D /A, 2.633 in./5.445 in.2 (6.68 x 107 m/3.51 x 107° u?)
Mixture Ratio 5.838

%

* theo 7144.5 ft/sec (2180 m/s)

(l)Average value of the static chamber pressure measured at two circumferential
locations (120 degrees apart)

(Z)Value is average of two flowmeters in series
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Beckman traces of static chamber pressure, measured thrust, oxidizer flowrate,
fuel venturi temperature and pressure for test No. 61 are shown in Fig. B-1
through B-5. The data slice interval for calculation of performance is noted.
Steady-state performance was determined at approximately 1.7 seconds into the 2.1-
second test. These traces are representative of the hot-fire tests conducted dur-

ing the program. Beckman data were used for calculation of performance values.

Performance Based on Chamber Pressure

Corrected c* efficiency based on chamber pressure measurement was calculated using
Eq. B-2, Values of the measured parameters (Wo, Wf, and At) and the. theoretical

c* used in Eq. B-2 are shown in Table B-1, As was noted previously, to obtain a
valid static chamber pressure, the measurement should be taken sufficiently up;
stream of the start of convergence so it is not affected by subsonic decelerating
effects. The static chamber pressure, measured 1/2 inch (1.3 x 10_2 ﬁ) from the
start of nozzle convergence, was used for calculation of performance in the Task IV

chambers.
Methods of determining the various connection factors in Eq. B-2 were outlined
previously. Estimation of these correction factors for test No. 61 is described

in the following paragraphs.

Pressure Correction (fp). Measured.static pressure was converted to stagnation

pressure at the throat by assumption of no combustion in the nozzle and applica-
tion of the isentropic flow equations. The value of fp’ the stagnation-to-static
pressure ratio, was estimated to be 1.0670 for the 1.89 contraction ratio chamber

used for test No., 61.

Throat Radius Connection (fTR)“ No throat radius correction was used for test

No. 61. The measured posttest throat area (diameter) was used as shown in Table B-1.

The pretest to posttest throat area change was small; i.e., 0.23-percent increase.

Throat Discharge Coefficient (fDIS)' For all Task IV 30-in. (0.76-m) L* experi-

ments, the throat discharge coefficient.was estimated to be 0,9893.
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Frictional Drag and Heat Loss Correction (fFR) and fHL)° The combined friction

and heat loss for the subject test was calculated to be 1.004.

Propellant Impurity Correction (£
for the Task IV tests.

IMP)° No propellant impurity correction was used

Corrected c* Efficiency From Pc. Corrected c* efficiency (based on chamber pres-

sure) for the test was 97.35 percent,

Equation B-2 with the appropriate numerical values shown is presented below for
test No. 61..

Pc At g, fp £, f £ £ £

(n~ ). = TR "DIS "FR 'HL “IMP
- 3 L) * N
c*’Pc (WO * wf) (c )theo
M ). = (520.3) (5.445) (32.172) (1.067) (1) (0.9893) (1.004) (1) (1)
Nexlpe = (11.858 + 2.031) (7144.8)
(ﬁc;)Pc = 97.35 percent

Performance Based on Thrust

Corrected c* efficiency based on thrust measurement was calculated using Eq. B-12.
Initially, vacuum thrust was calculated from the measured thrust, ambient pressure,

and nozzle exit area as follows:

Fvac = Fmeas + Pa Ae = 3994.7 + (13.7) (10.80) = 4142 1bf (18,430 N)

This was desired because the corrections to be applied were calculated as changes

in efficiency based on theoretical vacuum parameters.

Methods of determining the correction factors to be applied to the vacuum thrust

in the calculation of c* efficiency were presented previously.
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Estimation of the values used for test No, 61 are described below in the following
paragraphs.

Corrections for Frictional Drag and Heat Loss (¢FR and ¢ These losses were

).
HL
calculated for the subject test conditions and the combined ¢FR and ¢HL was deter-

mined to be 1.0077.

Nozzle Divergence Correction (¢DIV)' For all Task IV experiments, the nozzle

divergence factor was calculated to be 1.017.

Propellant Impurity Correction (¢
for the Task IV tests.

IMP)' No propellant impurity correction was used

Corrected c* Efficiency From F. Corrected c* efficiency (based on thrust) for

this test was 95,48 percent. Equation B-12 with the appropriate numerical values

shown is presented below for test No, 61:

(F+ P, A 8 O o1y %ur ®rwp

. = ; : -
c*°F (CF)vac (wo * wf) (c )theo
( ) _ (4142.6) (32.174) (1.0077) (1.017) (1) (1)
Nex F (1.4416) (11.858 + 2,031) (7144.5)
(nc*)F = 95,48 percent
R-8361
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APPENDIX C
EFFICIENCIES FROM CHAMBER PRESSURE AND THRUST - TASK I

Characteristic velocity (c*) or injector efficiency was of primary concern dur-
ing the hot-firing phase of the program. This efficiency was determined in two
ways: from the chamber pressure and flowrate data, and from thrust and flowrate
data. Efficiencies based on tﬁrust averaged about 2.2 percent (0.6 to 3.6 per-
cent) less than those based on chamber pressure, although the trends were the
same for both efficiencies. Techniques for obtaining the chamber pressure and
thrust parameters used are prescribed herein along with some factors which could

potentially contribute to the thrust and chamber pressure efficiency differences.
CHAMBER PRESSURE

The static chamber pressure was measured during each test at two locations in
the cylindrical portion of the chamber; i.e., upstream of the nozzle contraction
section. These pressure pickups were about 15 in. (0.38 m) downstream from the
injector face for both the 35- and 75-in. (0.89 and 1.9 m) L* chambers. The two
static pressure measurements were recorded by both the oscillograph and DIGR
recorders, although the more accurate DIGR values were almost always used.
These DIGR pressure measurements were wichin *1.5 psi (10 x 103 N/m2), (0.4

percent) of the average which was used to give a single value for each test.

The perfect gas relationship was employed to obtain the stagnation pressure from

the static pressure as follows:
Y

P =P [1 + 1-5—1MZS]Y—1
where PS is the measured static chamber pressure and Ms is the corresponding
Mach number. This approach assumes that the reaction process is basically com-
pleted and the gas velocity is near maximum at the pressure pickup point. For
the contraction ratio and chamber conditions of interest, Pc = 1.0538 PS. This
relationship was essentially true for the entire pressure and temperature range

experienced during the testing.
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As previously mentioned, the chamber pressure pickup points were located about
15 in. (0.38 m) downstream of the injector face. For the 75-in. (1.91 m) L*
chamber, the pressure pickup points are 1/2 in. (0.015 m) upstream of the 5oint
between the two combustion zone spool pieces; i.e., where a potential disconti-
nuity exists which could disturb the flow and affect the static pressure read-
ings. Also, for the 35-in. (0.89 m) L* chamber, the pressure pickup points
were 1/2 in. (0.015 m) above the start pf convergence which could potentially

change the flow pattern and affect the pressure readings.

THRUST

The thrust was measured during each test by a dual-bridge load cell with the
output recorded on both the oscillograph and the DIGR. Again the more accurate
DIGR value was used for the performance calculations. The measured thrust than

was converted to vacuum thrust for all tests by the following relationship:

= . +
Fvac F51te PaAe
where Ps is the ambient pressure and Ae is the chamber exit area. For this

test program, the PaAe was very nearly constant and equal to 800 1b (3560 N).

The main propellant lines to the test hardware and other stand equipmenf-were
mounted so as to minimize interference (resistance) with the thrust measure-
ments; however, some interference was obvious. Therefore, an '"in position"
calibration was-required. Before the first test and following the last test, a
thrust calibration fixture was installed in front (at the exit end) of the
thrust chamber assembly with a calibration load cell and a hydraulic loading
device attached. The thrust system was calibrated and the resultant calibration
factor was used to determine each of the thrust values during the testing. The
accuracy of these thrust values may be subject to some error because the cali-
bration took place under static, ambient-temperature conditions. During actual
testing, the main propellant and water coolant lines were flowing full and the
line temperatures, particularly the oxidizer temperatures were cold, rather
than ambient. Thus, the dynamic cold lines may offer a different resistance
than that of the "as-calibrated' system.
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PERFORMANCE EFFICIENCIES

The characteristic velocity efficiencies based on chamber pressure were higher
(about 2.2 percent average) than those based on thrust as shown by the tabulated
performance data. The first approach is to investigate factors which would
tend to bring the two efficiencies closer together. Thrust and chamber pressure
appear to be the most suspect, so the more significant factors were singled out
which could potentially lower the chamber pressure or raise the thrust and con-
sequently change (lower or raise) their respective efficiencies. These factors

are summarized as follows:

1. Measured static pressures and subsequent efficiencies from chamber
pressure would be siightly higher than actual if the presumed combus-
tion gas velocities were significaﬁtly higher than the actual veloci-
ties at the pressure pickup point. Thus, if the combustion process
was far from complete and if additional reaction takes place between
the pickup point and the nozzle, the static (measured)-to-stagnation
‘pressure corrections would not be valid and the computed stagnation

pressure would be slightly higher than actual.

2. Disturbance in the flowfield caused by potential discontinuities in
the chamber wall or possible flowfield disturbance at the start of
nozzle convergehce could result in an erroneously high static (not
truly static) pressure reading at the pressure pickup points. Thus,
the static-to-stagnation pressure calculations and efficiencies would

be slightly higher than actual.

3. Pressurized, full-flowing, and low-temperature propellant and water
coolant lines could offer greater resistance to thrust than the static
ambient temperature lines as calibrated. Thus, the actual thrust and

efficiency from thrust potentially could be higher than measured.

Additional factors could potentially contribute to the differences between the
thrust and chamber efficiencies; however, they were deemed less likely and/or

less significant.
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APPENDIX D
IMPINGING STREAM RECIRCULATION MODEL

Unlike the case with the coaxial injectors, large gas/liquid impinging elements
in open-air cold-flow tests normally produce liquid spray fields which expand
beyond the accompanying gas flow patterns. Based on such flow behavior, rela-
tively low values of Em and mixing efficiency would be predicted. Hot-firing
tests, however (e.g., those under Task I of the subject contract) have shown
large-scale impinging and impinging concentric injectors capable of pro-

ducing good propellant mixing with (nc*) as high as 95 to 99 percent,

The principal reason for this improvemen?lin mixing under hot-firing condi-
tions is believed to be recirculation of fuel-rich gases out of central low
mixture ratio zones of high gas flowrate and into the outer spray-rich zones.
The ability of the injected streams to induce recirculation has been shown
by the strong ingesion of air in the atmospheric tests*, Other evidence of
recirculation in hot-fire tests includes the injector face heating and wall

hot spots seen in the first test in Task I,

As a result, a simple recirculation model has been formulated. This model was
applied to partially redistribute the gas flows measured in open-air cold-flow
tests of impinging-type injectors to more nearly match the hot-firing environ-

ment being modeled, thereby permitting a calculation of Em'and (hc*)

mix’

Basically, gas from the inner (core) region where the local gas velocity exceeds
a fraction of the centerline Vg (e.g., Vg’ centerline/3) is redistributed into
an outer (peripheral) region. Local (cold-flow) measurements of ingestion are
used to apportion and distribute the gas recirculation. Other factors used in
the model to influence the recirculation patterns are proximity between the

core and peripheral regions and local spray fluxes.

*This ingestion has been directly measured by the oxygen analyzer. At 3 to 5 in.
(0.076 to 0.127 m) downstream of the injector, the flowrate of ingested air may
be twice that of the injected GN2. This was also observed when GNp only (with-
out liquid) is injected into the atmosphere. In this latter case, the flow data
were in excellent agreement with available analytical predictions.
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This model was empirically developed by matching the Task I impinging concen-
tric injector hot-fire data with the Task II impinging concentric cold-flow
data. Although a certain number of parameters were not equal (i.e., scale and
the presence of the recessed cup), the trends observed in the hot-fire tests
should be simulated in cold flow. 1In addition, the relative levels of the
measured and predicted mixing efficiencies should be approximately equal.
Model parameters which were determined empirically include: (1) the boundary
which separates the core and peripheral regions, and (2) a coefficient applied
to the total amount of recirculation. In the following paragraphs, the model
is defined in more detail and the determination of the empirical coefficients

is described.

The recirculation model is illustrated schematicaily in Fig. D-1. The boundary
separating the core and peripheral regions was reasoned to be a function of the
relative local gas velocities. These'measured values were ﬁsed to determine
the relative location of the recirculation boundary; thus, the recirculation
boundary will vary with each cold-flow tests, depending on the overall gas velo-

city level. This can be illustrated by the following eQuation:

Vrec = Vmax’K1 (D-1)
where
Vrec = velocity at recirculation boundary
max = maximum gas velocity measured
K1 = empirical constant

Gas was recirculated out of all streamtubes in which the gas velocity was

higher than Vrec and into streamtubes in which the gas velocity was lower than
v .

rec
The hot-fire recirculation processes and the cold-flow ingestion processes both

are driven by the momenta of the injected streams and both involve the redistri-

bution of gas mass flowrates. In cold-flow open-air tests,,surrdunding air is
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ingested from an infinite supply by the high-velocity gas and liquid propellant
streams. The hot-fire propellant streams will also tend to accelerate mass from
the surrounding medium, even though the chamber walls 1imit the ingestion boun-
dary. The initiation of ingestion within a hot-fire chamber will create a
region relatively void of mass flux, thereby setting up lateral pressure grad-
ients and initiating recirculation eddies. Since essentially the same mecha-
nisms which drive the hot-fire recirculation are also present to drive the cold-
flow ingestion of gases from the surrounding medium, the ingestion profile
measured in each cold-flow test was used as a basis for determining the amount
and the distribution of gas flowrates to be recirculated from the gas-liquid

core. Mathematically,

Yrec ~ (KZ? (Wingest>i,j (D-2)
where
w = flowrate recirculated
rec
wingest = measured ingestion flowrate
K2 = empirical constant
i,j = streamtube notation

Because the cold-flow ingestion flowrate was measured with the aid of the oxy-
gen analyzer, the amount of propellant that was recirculated from each core
region streamtube can be determined from Eq. D-2 above. The mixture ratio of
the propellant recirculated out of each core region streamtube is set by assum-

ing that a small amount of droplet vaporization can occur.

This teaves the redistribution of recirculated gas into the peripheral zone as
the only unknown. Attempts to match the Task I impinging coaxial hot-fire data
with the Task II impinging coaxial cold-flow data were made using several dif-
ferent distribution functions. This was based on the physical reasoning that
the peripheral streamtubes close to the high-gas-flow core region would be more
accessible to recirculating flow than the more distant streamtubes. However,

distribution functions based solely on radius, such as straight line or parabolic
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functions, failed to give an empirical fit with the hot-fire data. It was
therefore reasoned that streamtubes in which the liquid flux was very high
would tend to ingest more of the recirculated gases than streamtubes with low
liquid flux. Thus, the distribution function in the peripheral zone was based
on a combination of the liquid and the radius of each individual streamtube as

in the following expression:

f(dist); ; = (wz/A)i’j/Ri’j (D-3)
where
f(dist) = redistribution function
(WQ/A) = liquid flux
R. . = radius
i,j
i,i = streamtube notation

The empirical fit between the mixing limited hot-fire tests in Task I and the
Task II cold-flow tests is illustrated in Fig. D-2. Note that in spite of dif-
ferences in scale and the presence of a recessed cup in the hot-fire tests,

excellent agreement (An < 1 percent) was obtained for two of the three tests

Further refinement of tﬁzxmodel could bring about a more accurate prediction of
the third point (Anmix =3 perceﬁt). However, this would involve the addition
of one or two more constants to the model. Thus, refinement of the model will
be deferred until more hot-fire and cold-flow data are obtained. This recircu-
lation model was used to calculate mixing efficiencies for all Task II imping-

ing injector tests.
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APPENDIX E
HEAT TRANSFER
"TASK 1

The Task I thrust chamber nozzle section contained a water-cooled copper liner
adjacent to the hot gas, and a steel jacket as the outside wall. The initial

step in the design of the thrust chamber cooling system was to evaluate the hot-
gas film coefficient. These coefficients were computed (Eq. E-1), and the re-
sulting maximum values for the throat and combustion zone (ec = 2) are listed

in Table E-1 along with the nominal design conditions. Virtually the same throat
film coefficient was obtained when available experimental data were adjusted to
expected conditions. . The calculated nozzle heat flux profile is shown in Fig. E-1

and the estimated combustion zone profile is also shown.

The heat fluxes in the throat and the convergence and expansion sections require
water cooling to allow for a reasonable test duration, while the combustion zone
was constructed as a copper heat sink. The necessary wall thickness at the throat
was determined by considering the heat flux capabiiity of the wall and the material
strength. The design heat transfer equation is listed as Eq. E-2. The point
selected for the nominal design conditions was a wall thickness of 0.2 inch (0.5

X 10—2m) which provides for a 50-percent margin in the heat flux before the melt-
ing point is reached. The design wall temperature at the throat of the chamber

was computed to be 1350 F (1010 K), which corresponds with a heat flux of approx-
imately 21 Btu/in.z—sec (34.3 x 106 W/mz).

The minimum coolant velocity required to avoid the film boiling regime of water
was determined to be 50 ft/sec (15.2 m/s). The saturation temperature of water
at 250 psia (172 x 104 N/m2) is 400 F (478 K), which provides subcooling (Twc =
TB) of about 300 F (422 K) at the throat of the cooling system. The resulting
water mass flowrate to the nozzle with a 0.1 inch (0.25 x 10-2m) annulus is 45

1b/sec (20 kg/s), and the bulk temperature rise, as computed with Eq. E-3, was
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TABLE E-1

02/H2 CHAMBER HEAT TRANSFER OPERATING
"CONDITIONS, PROPERTIES AND EQUATIONS

NOMINAL CHAMBER CONDITIONS USED EOR THERMAL DESIGN

PROPERTIES

Tmelt

T .
wi

EQUATIONS

L]

500 psia (345 x 10% N/m%)

5

.0

5420 F (3267 K)

0.0052 Btu/in.2-sec-F (0.472 x 10% W/m?-K) (throat)

0.00299 Btu/in.z-sec—F (0.271 x 104 W/mz—K) (combustion zone)

FOR COPPER

n

1]

0.1565 in.2/sec (1.0l x 10~

4 mz/sec)

0.323 1bm/in.> (0.895 x 10% kg/m%)

4.63 x 10~ Btu/in.-sec-F (346 J/m-sec-K)

1980 F (1356 K)

80 F (300 K) (combustion zone)

Hot-Gas Film Coefficient, Bartz Simplified Equation

where

0.2
_0.026 MG
02 p0.6
T ,
_wg [y, L
2T )
aw

0.

8¢

(E-1)



TABLE E-1

(Concluded)
_Heat Conduction Through The Wall
YA=—S_ (-1 ) (E-2)
Ax wg we
Twc = Tsat + 20 degrees (nucleate boiling)

Coolant Bulk Temperature

C_ AT

VA = p "B

(E-3)

:«>l =
wn o

Transient Heat Conduction in a Slab, Combustion Zone

s 8% @ethy
Tw - Taw _ :2 e 2 sin 6n cos (6n X/L)
- T -
aw

. § + sin &_ cos & (E-4)
wi ool n n n

where

6n tan 6n = (hg L/k)
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approximately 56 F (287 K). Therefore, the subcooling at the exit of the nozzle
was still approximately 300 F (422 K). During hot-firing tests the coolant veloc-
ity was increased to about 67 ft/sec (20.4 m/s) to provide for an additional cool-
ing margin. Correspondingly, the water coolant flowrate increased to about 60
“1b/sec (27 kg/s) and the bulk temperature rise was reduced to 42 F (279 K). An
increase in the coolant pressure would also increase the cooling margin; however,
material strength considerations limited this pressure to about 250 psi (172 x
104 N/m2) at the throat.

A transient analysis was utilized to yield parametric wall temperature curves
(Fig. E-2) for the combustion zone, The analysis assumes a step function rise in
adiabatic wall temperature at time zero, a uniform initial wall-temperature dis-
tribution, and an insulated back wall, The design equation is Eq. E-4. The max-
imum allowable duration was 3 seconds at the most severe heat transfer condition
before melting of the wall would occur at the hot-gas surface. A wall thickness
of 1 inch (2.5 x 10"2 m) was selected to maintain a somewhat cooler region at the

back wall for structural support.

During the Task I testing, Nanmec heat flux probes were used to measure the un-
cooled combustion zone wall temperature transients. Four temperature probes were
used during the first test and two probes on each of the subsequent tests. One
probe was located approximately 3 in. (0.076 m) downstream of the injector for
each test and the others were located in a plane approximately 15 in. (0.38 m)

downstream.

The operating characteristics of the heat flux probes were influenced by the

type of tests conddcted, the test duration and the proble location. Also, the
probe behavior appeared to be very sensitive to immersion depth and the service
life was limited to only a few tests before rework was required. Further, the
probe behavior was erratic at the high temperatures. Because of these unstabiliz-
ing factors, only gross qualitative results were obtained from the probes. The
only significant conclusion to be drawn from the heat flux probe data was that

the wall temperature transients vs time were almost always above the Tw curve

shown in Fig. E-2,
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The water cooled nozzle bulk temperature rise measurements were taken for each
Task I test and the results were used to approximate the nozzle heat flux. As
previously mentioned, a bulk temperature rise of 42 F (279 K) was prediced for
60 1b/sec (27 kg/s) of water based on the profile shown in Fig. E-1 (based on a
“nominal chamber pressure and 100 percent c* efficiency). Good agreement was
obtained between experimental results and the predicted values as illustrated by
test No. 4; operating at close to nominal conditions. During this test the bulk
temperature rise was 42 F (279 K), the coolant flowrate was 57.5 1lb/sec (26 kg/s)
and the c* efficiency was 97 percent (i.e., the total nozzle heat input was within
5 percent of the predicted value (Eq. E-3), independent of the combustion effic-
iency). Combustion efficiency and nozzle heat transfer varied in the same direc-
tion as expected. Also as expected, the heat transfer varied with chamber pres-

sure during the Task I testing.
TASK IV

The Task IV thrust chambers condtained a graphite nozzle section and two differ-
ent types of combustion zones, one of copper and the other graphite lined. The
gas side seat transfer coefficients were computed for this chamber at several
potential operating chamber pressures, combustion éfficiencies~and boundary layer
attachment points, A Rocketdyne.developed boundary layer heat transfer analysis
was used to calculate these gas side heat transfer coefficients. The maximum
(nozzle) heat transfer coefficient was 0.00205 Btu/in.z-sec—F (0.186 x 104 W/mz—K)
for the nominal 500 psia (345 x 104 N/m2) chamber pressure, 100 percent c* effic-
iency and the boundary layer assumed to start ~7 in. (0.18 m) downstream of the
injector.  The maximum combustion zone coefficient was 0.00125 Btu/in.z—sec-F
0.112 x 10% W/m®-K).

A heat flux profile was computed and plotted in Fig. E-3 for the subject chamber
with the above mentioned coefficients and an assumed constant hot gas side wall
temperature of 1000 R (555 K). This calculated profile is compared (in Fig, E-3)
with experimental results from Contract NAS 3-11191 where the chamber length
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from injector to throat was about 9 in. (0.23 m) compared to 15.4 in. (0.39 m) for the
chamber used here. The comparison shows good agreement in the nozzle section but
deviates in the combustion zone primarily because of the boundary layer assumptions
made in the calculations. The erroneous calculated combustion zone profile was

adjusted as shown by the estimated profile in Fig. E-3.

A transient heat transfer analysis was used to predict the chamber wall tempera-
ture characteristics for both combustion zone and nozzle conditions. The above
mentioned coefficients were used for these calculations. The results indicated a
maximum hot gas side wall temperature of approkimately 1200 F (922 K) in the cop-
per combustion zone (higher with the graphite combustion zone) and 3200 F (2033 K)

at the graphite nozzle throat area after 2.5 seconds of nominal operation.

Heat flux measurements were planned and the probes were to be installed in the
copper combustion zone during the Task IV testing, However, these plans were
discarded because of damage to the copper combustion zone and the subsequent change
to graphite early in the test program. Thus, no Task IV heat flux measurements

were obtained.
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APPENDIX G

NOMENCLATURE

inner annulus area

outer annulus area

area of nozzle exit

fuel injection area
liquid injection area
gas injection area
measured geometric throat

oxidizer orifice area

effective thermodynamic throat area
theoretical characteristic velocity based on shifting equilibrium

theoretical shifting thrust coefficient (vacuum)

area

plug or centerbody diameter

diameter of gas jet
liquid jet diameter
oxidizer orifice diameter
swirl inlet diameter
volume mean drop diameter
mass median drop diametgr
Rupe mixing factor

thrust

measured thrust corrected

F =F + PA
vac ae

R=

to vacuum conditions by the equation:
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gravitational constant
characteristic length
gas momentum
Mach number

liquid momentum

mixture ratio, flowrate oxidizer (liquid)/flowrate fuel (gas)

static pressure

ambient pressure

nozzle stagnation pressure
stagnation or total pressure
static temferature

gas temperature

stagnation temperature
liquid swirl (inlet) velocity
fuel velocity

liquid velocity

gas velocity

gas velocity

gas flowrate

gas flowrate through central orifice
fuel flowrate

liquid flowrate

oxidizer flowrate

total propellant weight flowrate
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(wann/wtot)g = annulus gas to total gas fraction y
MR 2 2

XP/Dg = penetration parameter: 2.5 [M_ cos 6]
. 8

o = density

pg = gas density

Py = liquid density

€. = contraction area ratio

€ = expansion area ratio

8 = complement of impingement angle between liquid and gas jets

Y = specific heat ratio

Yg = gas annulus gap

Yz = 1liquid annulus gap

Yin = inner annulus gap

Yout = outer annulus gap

Nex = characteristic velocity efficiency

(nc*)vap’ nvap— vaporization efficiency

(Mexdpixe Mpix- mixing efficiency
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